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 Abstract 




 Rapid and efficient escape behaviors in response to noxious sensory stimuli are 
essential for protection and survival. In Drosophila larvae, the class III (cIII) and class IV 
(cIV) dendritic arborization (da) neurons detect low-threshold mechanosensory and 
noxious stimuli, respectively. Their axons project to modality-specific locations in the 
neuropil, reminiscent of vertebrate dorsal horn organization. Despite extensive 
characterization of nociceptors across organisms, how noxious stimuli are transformed 
to the coordinated behaviors that protect animals from harm remains poorly understood. 
In larvae, noxious mechanical and thermal stimuli trigger an escape behavior consisting 
of sequential C-shape body bending followed by corkscrew-like rolling, and finally an 
increase in forward locomotion (escape crawl). The downstream circuitry controlling the 
sequential coordination of escape responses is largely unknown. This work identifies a 
population of interneurons in the nerve cord, Down-and-Back (DnB) neurons, that are 
activated by noxious heat, promote nociceptive behavior, and are required for robust 
escape responses to noxious stimuli. Activation of DnB neurons can trigger both rolling, 
and the initial C-shape body bend independent of rolling, revealing modularity in the 
initial nociceptive responses. Electron microscopic circuit reconstruction shows that 
DnBs receive direct input from nociceptive and mechanosensory neurons, are 
presynaptic to pre-motor circuits, and link indirectly to a population of command-like 
neurons (Goro) that control rolling. DnB activation promotes activity in Goro neurons, 
and coincident inactivation of Goro neurons prevents the rolling sequence but leaves 
	  	  
intact body bending motor responses. Thus, activity from nociceptors to DnB 
interneurons coordinates modular elements of nociceptive escape behavior. The impact 
of DnB neurons may not be restricted to synaptic partners, as DnB presynaptic sites 
accumulate dense-core vesicles, suggesting aminergic or peptidergic signaling. 
 Anatomical analyses show that DnB neurons receive spatially segregated input 
from cIII mechanosensory and cIV nociceptive neurons. However, DnB neurons do not 
seem to promote or be required for gentle-touch responses, suggesting a modulatory 
role for cIII input. Behavioral experiments suggest that cIII input presented prior to cIV 
input can enhance nociceptive behavior. Moreover, weak co-activation of DnB and cIII 
neurons can also enhance nociceptive responses, particularly C-shape bending. These 
results indicate that timing and level of cIII activation might determine its modulatory role. 
Taken together, these studies describe a novel nociceptive circuit, which integrates 
nociceptive and mechanosensory inputs, and controls modular motor pathways to 
promote robust escape behavior.  Future work on this circuit could reveal neural 
mechanisms for sequence transitions, peptidergic modulation of nociception, and 
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 The origin of behavior has fascinated scientists, philosophers, and medical 
practitioners for centuries. Sensation and movement, once believed to be rooted in the 
heart, is now known to be controlled by neural pathways in the brain. Marie-Jean-Pierre 
Flourens first described a systematic approach for ablating parts of the brain in animals 
to provide causal evidence for the role of brain function in behavior (Flourens, 1842), a 
conceptual approach that is still widely used today. How sensory information is encoded 
and transformed into movement by the nervous system is still a fundamental question in 
neuroscience. With the increasing availability of genetic tools to manipulate and image 
neural circuit function, and the push towards mapping the connectivity of the nervous 
system, a sensory to motor understanding of behavior is an attainable goal. 
 Sensorimotor processing can be a challenging question to address in a nervous 
system where neurons are difficult to identify, and neural connectivity from sensory 
neurons to motor circuits is unknown. However, animals with a relatively simple nervous 
system can perform impressive feats of sensorimotor transduction on rapid timescales. 
The efficiency of these circuits should not underestimate their complexity as animals 
often perform serial behaviors to maximize successful escape, such as a rapid shift 
away from the predator followed by directed forward locomotion (e.g. Bend-swim 
sequence in fish, turn-walk escape in cockroach) (Domenici et al., 2008; Sillar, 2009). 
Work in invertebrates has made significant contributions to our understanding of neural 
circuit function including the generation of action potentials (Hodgkin and Katz, 1949), 
central pattern generators for rhythmic movement (Wilson and Wyman, 1965), 
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redundancy of parallel neural circuits (Card, 2012), and neuromodulation (Marder, 
2012).  
 Drosophila has become a central model for understanding the genes and neural 
substrates underlying behavior (Bellen et al., 2010). Sensory neural transduction in 
invertebrates is remarkably similar to vertebrate circuits (Sanes and Zipursky, 2010; 
Vosshall and Stocker, 2007; Yarmolinsky et al., 2009). For instance, conserved features 
of the visual circuit organization include parallel layering with cross-talk through radial 
perpendicular input (Sanes and Zipursky, 2010). Olfactory systems in both vertebrate 
and invertebrate species consist of unique olfactory receptor expressing neurons 
converging onto respective glomeruli (Vosshall and Stocker, 2007). However, very little 
is yet known about somatosensory circuit organization in the fly when compared to well 
known circuitries for vision and olfaction. Thus, we expect that novel and conserved 
principles of sensorimotor processing can be learned through our studies of the 
Drosophila melanogaster system. In this chapter, I will introduce sensory to motor 
processing, with an emphasis on somatosensory-evoked behaviors, beginning with a 
description of somatosensory detection in vertebrates, sensory transduction and 
decoding, and then discussing our current understanding of how sensory input elicits 
behavior. I will end by describing the Drosophila larval system as an ideal model for 
investigating how sensory information is combined, and transformed into appropriate 
motor outputs.  
Somatosensation in vertebrate organisms  
Sensory neurons detecting somatosensory stimuli 
 Our most immediate environment is rich with tactile, thermal, and chemical cues 
that are detected by an array of somatosensory neurons innervating the skin. 
Somatosensation allows us to convey changes in our surroundings to our central 
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nervous system, and adjust our behavior accordingly.  Mechanosensation is the 
detection of tactile stimuli ranging from gentle-touch to potentially damaging, or noxious, 
harsh touch. Nociception includes the detection of any stimuli that has the potential to 
cause tissue damage, and includes a polymodal array of cell types that detect chemical, 
mechanosensory, and thermal stimuli. Somatosensation is evolutionarily conserved 
across phyla in both form and function (Hall and Treinin, 2011). Both vertebrates and 
invertebrates (e.g. worms, flies, leech) possess finely, or non-myelinated multi-branched 
polymodal nociceptors. Behavioral responses to noxious stimuli are conserved as well, 
as noxious stimuli can elicit aversive withdrawal (termed nocifensive behavior). In fact, 
most studies investigating nociception in animal models utilize nocifensive behavior as a 
readout for circuit function, indicating a link between noxious detection and motor activity 
(Fan et al., 2009). Yet, less is known about the sensory to motor circuitry underlying the 
range of nocifensive responses. This section will focus on the sensory transduction and 
coding of somatosensation in vertebrates, highlighting some outstanding questions 
where simpler invertebrate models might be able to elucidate key mechanisms in 
somatosensory transduction. 
 In vertebrates, tactile or low-threshold mechanosensory inputs are encoded by 
myelinated Aß fibres, whereas noxious stimuli are detected by polymodal lightly 
myelinated A∂ fibres and unmyelinated C-fibres. A∂- and C-fibres respond to a wide 
range of temperatures as well as chemical, and high-threshold mechanical stimuli 
(Lumpkin and Caterina, 2007) (Figure 1.1). Somatosensory cell bodies reside in the 
dorsal root ganglia, and axons project to modality specific layers in the dorsal horn. 
There, afferents connect with various interneurons, which locally modulate signals, or 
transmit sensory information to the brain (Todd, 2010). A∂ nociceptors target lamina I of 
the dorsal horn, C/ A∂ peptidergic fibres terminate in lamina I and outer lamina II (IIo), 
whereas C non-peptidergic fibres occupy lamina II (Figure 1.1). While nociceptors 
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preferentially target the more superficial layers of the dorsal horn, touch-sensing 
afferents terminate mostly in deeper layers, lamina III to lamina V (Braz et al., 2014). 
This laminar specific targeting might facilitate modality specific transduction for sensory 
discrimination (Prescott et al., 2014). Ascending projection neurons deliver nociceptive 
input to higher brain regions through two tracts: 1) spino-parabrachial tract to medial 
thalamus and limbic centers for the emotional unpleasantness that is commonly 
experienced as “pain,” and, 2) the lateral spino-thalamic tract which projects to the 
lateral thalamus and sensory cortex and is responsible for sensory discrimination (i.e. 
location, intensity of stimulus) (Kuner, 2010). Additionally, GABA-ergic and serotonergic 
descending inputs play a key modulatory role in nociception (Kuner, 2010). There is 
evidence that reduction in descending inhibitory input during initial heightened responses 
to noxious stimuli (hyperalgesia) can lead to chronic hyperalgesic states (Vanegas and 
Schaible, 2004). 
Theories for somatosensory processing 
 The coding of somatosensory information at the periphery is specialized by 
neural morphology and ion channel/receptor expression, but this modality-specific tuning 
is not necessarily a feature of central neurons, which could, in theory, receive inputs 
from various afferents. Somatosensory coding was the subject of intense debate for 
many years and can be summarized in the following theories: The intensity theory posits 
that primary afferents are not specialized, and that coding is based on the intensity of the 
stimulus (e.g. low stimulation= touch, high stimulation= nociception) (Prescott et al., 
2014). Since we know that primary afferents are polymodal, yet mostly specialized, this 
theory has been refuted (Prescott et al., 2014). The specificity theory proposes that there 
is a one-to-one labeled line relationship between afferents and central circuits, such that 
nociceptive information, for instance, would only be processed by interneurons receiving 
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input exclusively from nociceptive primary afferents (Prescott et al., 2014). However, as 
early as 1905, Henry Head proposed, based on nerve lesions he performed on his own 
hand, that there was a degree of interaction between pain-specific information, and non-
noxious information, such as temperature or gentle-touch.  This led to the to the pattern 
theory, which states that there is no modality specific tuning of central neurons, and that 
coding lies in the pattern of primary afferent activation. One prime example of pattern 
coding is the gate control theory (Melzack and Wall, 1965), suggesting that neurons 
transducing nociceptive input to higher brain areas receive both low-threshold 
mechanosensory, and nociceptive input, and can be inhibited by mechanosensory input 
via local interneurons. Finally, the combinatorial coding theory is a combination of 
specificity and pattern coding, such that there is some degree of specialization by central 
circuits in the spinal cord, but afferent input can converge on the same population of 
neurons (sensory integration), or labeled lines can modulate each other’s input indirectly 
through local circuitry (crosstalk) (Yau et al., 2015). A fascinating example of cross-talk 
is exhibited with the thermal grill illusion, where activation of cool, and warm-sensing 
fibres can trigger a feeling of burning pain (Craig and Bushnell, 1994). 
 Studies have identified circuits that are consistent with the gate control theory. 
One study found that Aß mechanosensory and C/A∂ nociceptive input converge onto 
somatostatin (SOM+) neurons, which transduce nociceptive information to the brain 
(Duan et al., 2014). The activity of SOM+ neurons is additionally regulated by Aß 
targeted Dynorphin expressing (Dyn+) neurons, which inhibit SOM+ activity in the 
presence mechanosensory activation. Thus, Dyn+ neurons gate the transduction of 
SOM+ nociceptive input to the brain. Loss of Dyn+ inhibition allows mechanosensory 
input to elicit nociceptive behavior, offering a potential mechanism for mechanical 
allodynia (nociceptive responses to non-noxious tactile stimuli). SOM+ neurons are not 
involved in thermal nociception, suggesting some degree of specialization that is more in 
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line with combinatorial coding. Another study found that a subset of A-fiber neurons 
expressing neuropeptide Y receptor 2 (NPY2R) transmit mechanical nociception, and 
that the transmission of nociception to other brain areas was gated by low-threshold 
tactile input. Interestingly, tactile input enhanced the nocifensive paw withdrawal 
response, suggesting that mechanosensory input might enhance motor outputs while 
decreasing perception of pain (Arcourt et al., 2017). However, this study did not identify 
specific central circuits, so we do not know whether their degree of specialization is more 
consistent with a pattern or combinatorial coding theory. Although there have been 
recent advances in deciphering the interactions between somatosensory modalities with 
genetic tools that promise to improve classification of central circuits in the spinal cord 
(Duan et al., 2017; Prescott et al., 2014), we are only beginning to understand how 
integration and crosstalk impact somatosensory processing. Studying these questions in 
simpler models, where wiring diagrams are accessible (Ohyama et al., 2015; Schneider-
Mizell et al., 2016; White et al., 1986) could shed light on fundamental mechanisms 
underlying somatosensory processing and integration. 
Sensorimotor processing 
 Sensorimotor processing is defined as the integration of sensory information by 
the central nervous system to generate appropriate motor responses. As briefly 
mentioned in the previous section, information is often combined by neural circuits, 
which can refine the salience of a sensory event to improve accurate behavior selection. 
Multisensory integration can result in a response that is greater (multisensory 
enhancement) or less than (multisensory depression) the sum of its parts (Stein and 
Stanford, 2008). Multisensory enhancement can be particularly useful when sensory 
cues are weak, such as an animal collecting sensory information about an approaching 
predator. This section will describe some of the key questions in understanding how 
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sensory input is integrated and transformed into motor outputs, and how escape circuits 
can serve as a simple model to uncover general principles of sensorimotor processing. 
Key questions in sensorimotor processing 
 It is misleading to think of sensorimotor processing as a simple feed-forward 
system where sensory information is processed by the central nervous system, and then 
converted into motor patterns. For instance, the same sensory stimulus does not always 
elicit the same behavioral response, unveiling a high degree of complexity. Central 
circuits are not only receiving input from sensory cues, but also top-down signaling about 
behavioral state (i.e. what is the animal currently doing), internal state (hunger, thirst, 
sleep), time of the day (circadian regulation), and previous experience. Neural circuits 
also have to distinguish between self-generated movements, and environmental stimuli. 
On the motor end, postural adjustments can direct the trajectory of movement, and 
prepare the animal for the initiation of remaining motor sequences. Finally, motor 
patterns often occur within a specific time frame, and serial order (Huston and 
Jayaraman, 2011). Thus, how an animal responds to sensory stimuli is a multifaceted 
problem that can be addressed in simple models to extract conserved circuit features. 
Even relatively simple brains can execute sensorimotor transformations with remarkable 
speed and accuracy, such as the gaze-stabilization movements flies perform during 
flight, or the sequential flexion and extension that allows a locust to jump several feet 
into the air (Huston and Jayaraman, 2011). 
Escape circuits as a model for dissecting sensorimotor transformations 
 One extraordinary example of sensorimotor processing is when an animal rapidly 
collects multisensory information about an imminent threat to trigger an escape 
response. Escape behaviors are, by necessity, accurate and fast; therefore, these neural 
circuits are often compact with relatively few synapses between sensory and motor 
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neurons. Three well-studied escape circuit include the C-start startle escape in goldfish, 
the locust escape jump, and the C. elegans touch response.  
Perhaps the most widely studied escape circuit is the Mauthner cell circuit 
underlying the C-start response.  Studies of this circuit have made important 
contributions to our understanding of command neurons, electrical transmission and 
synaptic plasticity (Sillar, 2009). Initially studied in goldfish (Korn and Faber, 2005; 
Wilson, 1959), the C-start occurs in response to auditory, mechanosensory and visual 
stimuli (Eaton and Hackett, 1984).  Animals acquire a C-shaped bend to orient 
themselves away from threatening stimuli and then rapidly straighten out the body and 
swim away (Sillar, 2009). Mauthner cells are two, relatively large cells (making them 
amenable for circuit dissection) located in the hindbrain that receive direct auditory input 
(both chemical and electrical transmission). An auditory stimulus will activate one 
Mauthner cell more strongly, which then induces muscle contractions towards the center 
of the animal, initiating the C-shape on the contralateral side. The Mauthner cell 
concurrently inhibits the ipsilateral motor neuron from firing (which ensures asymmetric 
bending), and forms connections with excitatory premotor neurons to generate fast 
swimming. Despite the circuitry indicating a crucial role for Mauthner cells in escape 
behavior, ectopic activation of these neurons does not induce characteristic escape 
responses, and ablating this neurons does not abolish startle behavior. Thus, parallel 
circuits exist that can trigger, with a delayed latency, C-start escape behavior. 
Additionally, C-bend also takes place during prey capture and feeding (Korn and Faber, 
2005), suggesting some modularity in this behavior. Although the C-start is a well-
described escape circuit, future work would reveal the similarities between escape 
circuits in other organisms, particularly in response to additional, non-auditory, stimuli.  
 The locust escape jump in response a looming object is a fascinating escape 
response requiring millisecond preparatory movements that result in the locust 
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catapulting several feet (Simmons et al., 2010). A descending contralateral movement 
detector (DCMD) neuron receives visual input and projects to motor centers to initiate 
jump movement. However, ablating these neurons does not eliminate the escape 
behavior, pointing to parallel circuits that can also trigger jumps (Card, 2012). The 
incomplete anatomy has precluded identification of additional jump circuits. Moreover, 
the interneurons controlling the sequential coordination of motor responses have not 
been characterized (Simmons et al., 2010).  
 In C.elegans, a gentle-touch stimulus to the anterior will induce reverse 
locomotion with suppressed foraging head movements, while the same touch stimulus to 
the posterior end will trigger forward locomotion (Chalfie et al., 1985; Pirri and Alkema, 
2012). The completed C.elegans connectome, along with functional imaging and 
behavior experiments unveiled the complete sensory to motor circuits responsible for 
gentle-touch avoidance behaviors. In brief, touch-sensing neurons in the head activate 
backward locomotion command-neurons, while indirectly inhibiting parallel circuits 
controlling foraging head movements and forward locomotion (Pirri and Alkema, 2012; 
Pirri et al., 2009). These results highlight the power of the wiring diagram in dissecting 
sensorimotor circuitry, particularly in identifying competing parallel neural pathways 
activated by the same stimuli. Now that the connectome is being reconstructed for 
Drosophila larvae, studies can begin revealing the sensorimotor transformations 
underlying complex escape behaviors, which are both diverse (i.e. responding to various 
stimuli) and sequential (Jovanic et al., 2016; Ohyama et al., 2013; Ohyama et al., 2015). 
Behavior sequences 
 
Escape circuits provide valuable examples of motor programs activated in series to 
generate a behavioral response. However, sequential motor patterns are ubiquitous and 
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evolutionarily conserved, such as grooming sequences, typing and speech patterns, and 
feeding. Feeding in mammals for instance, may not seem overtly sequential, but 
involves rhythmic jaw movements that break down food, followed by swallowing, and 
tongue and jaw movements that aid post meal oral hygiene (Bels et al., 2012). There 
has been a long-standing interest in the neural circuits that facilitate sequential behavior, 
but it has been challenging to accumulate experimental evidence for proposed theories. 
In 1951, Lashley proposed that some behaviors, such as speech generation, which 
requires sequential motor movements of the tongue and mouth could not be described 
by neural mechanisms where one element in the series activates the next (response or 
synaptic chaining). He argued that certain words (tire vs. right) occur with motor 
movements in reverse, such that response chaining could not explain this pattern. 
Instead, he proposed a “parallel activation” model where elements were activated at 
once and sequences were determined by interactions between circuit elements 
(Lashley, 1951). Although this model makes intuitive sense, and is thoughtfully laid out 
by Lashley, experimental evidence did not emerge until Long et al. examined these 
models in the context of sequential bursting in the premotor nucleus (HVC) during bird 
song. Adult zebra finch male song is produced with stereotyped patterning of syllables, 
which makes it amenable for studying sequence generation. This study attempted to 
differentiate between the synaptic chain model and “ramp-to-threshold” model (Lashley’s 
model). The parallel activation, or ramp-to-threshold, model proposes that the first 
neuron in the series receives the most activation, but also the highest level of inhibition, 
and as inhibition ramped down, more weakly activated neurons in the series would burst. 
This ramping down could control the burst timing between HVC neurons underlying 
sequential syllable generation during singing. However, their findings were consistent 
with a synaptic chain model with no evidence for slow ramping of action potentials, but 
rather fast large depolarizations in the HVC.  
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A study looking at grooming modules in adult Drosophila found evidence for a 
parallel activation model where competing motor programs are activated at once and 
sequence arises from a winner-take-all competition. The authors identified genetic tools 
to activate each module separately and tested their hypotheses with various activation 
patterns. Interestingly, activating one module would allow for previous, but not 
subsequent modules to take place, arguing against a synaptic chain model. Finally, a 
recent study in Drosophila larvae investigated the neural substrates controlling 
behavioral transitions, and behavior choice. In response to an air puff, larvae will turn 
their head (bend) or withdraw their anterior segments (hunch) or perform a sequence of 
the two (hunchàbend)(Jovanic et al., 2016). The authors used electrophysiological, EM 
reconstruction, and behavioral approaches to identify the following circuit motifs: 1) to 
establish initial behavior choice (i.e. hunch vs. bend), competing circuits are activated in 
parallel and through interactions between reciprocally connected feed forward inhibitory 
neurons one behavior “wins.” 2) To facilitate transitions from one behavior to the next 
(hunchàbend), there is lateral disinhibitory input from hunch circuits to bend circuits. 3) 
To prevent reversal back to the first behavioral state (bendà back to hunch), bend 
circuits engage in feedforward disinhibition to maintain behavior choice. Thus, in the this 
circuit, projection neurons controlling bending and hunching are activated in parallel, and 
downstream inhibitory motifs govern behavior selection, which is in line with the parallel 
activation model proposed by Lashley. This study highlights how Drosophila larval 
somatosensory circuits can be used as a powerful tool for revealing features of 




Somatosensation in Drosophila larvae 
 Overall, we are beginning to understand more about how sensory inputs are 
combined, and transformed into complex motor outputs. However, a recurrent issue with 
work in vertebrates, and even certain invertebrate models, is that much of the underlying 
circuitry remains elusive. In this section, I will introduce the Drosophila larva as a model 
for dissecting sensorimotor processes, focusing mostly on the escape response evoked 
by noxious sensory stimuli.  
 Drosophila larvae use somatosensory dendritic arborization (da) neurons to 
detect their immediate environment. These cell types have been implicated in modality 
specific behaviors, and recent efforts are beginning to unveil the surprisingly complex 
neural circuitry underlying some of these behaviors.  
Drosophila larvae as a model for somatosensory circuit dissection 
 Both vertebrates and invertebrates share many of the same behavioral goals in 
sensory environments (e.g. locating food and mates, while avoiding predators). Thus, 
brains could conceivably have come up with similar solutions for achieving these goals, 
which might explain conserved circuit features such as central pattern generators, 
neuromodulation, and balanced excitation and inhibition (Marder, 2012; Selverston, 
1999). Aside from its rich history in elucidating evolutionarily conserved features of 
chromosomal inheritance, mutagenesis, embryonic development, and innate immunity, 
Drosophila melanogaster has been instrumental in identifying fundamental mechanisms 
of neural circuit function (Bellen et al., 2010). Seymour Benzer pioneered the use of 
Drosophila for dissecting the link between genes and behavior, providing seminal 
contributions to our understanding of learning and memory (Dudai et al., 1976), and 
circadian rhythms (Konopka and Benzer, 1971).  
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 The Drosophila life cycle consists of a larval, pupal, and adult fly stage, lasting 
around 10 days from egg laying to eclosion at 25˚C. Adult Drosophila have ~100,000 
neurons which are capable of sophisticated computations underlying learning, visual 
discrimination, and courtship (Kahsai and Zars, 2011; Sanes and Zipursky, 2010; 
Yamamoto and Koganezawa, 2013). Neurons in the fly brain are genetically identifiable, 
and a vast genetic toolkit enables reliable cell-specific manipulations. Yet, Drosophila 
larvae offer additional advantages for somatosensory circuit dissection with only ~10,000 
neurons, anatomically and behaviorally defined sensory neurons, and more recently, 
wiring diagrams based on electron microscopic (EM) circuit reconstruction (Grueber et 
al., 2002; Ohyama et al., 2015; Schneider-Mizell et al., 2016). Moreover, the larval 
transparent cuticle and neural organization is easily amenable to electrophysiological 
and functional imaging techniques (Marley and Baines, 2011; Pulver et al., 2015). 
Recent efforts have combined these techniques to uncover novel circuit motifs 
underlying nociception and action selection (Jovanic et al., 2016; Ohyama et al., 2015). 
Thus, Drosophila larvae offer a powerful system in which to study sensorimotor neural 
mechanisms using functional imaging, comprehensive behavioral analyses, and the 
synaptic resolution afforded with EM reconstruction. 
Tools for manipulating neural circuits 
 One advantage of using Drosophila to study circuits is the ease with which one 
can manipulate neural populations with remarkable specificity. This cell-specific targeting 
is enabled by the Gal4/UAS system (Brand and Perrimon, 1993). Expression of Gal4, 
transcription activator is dictated by an enhancer fragment, which can then bind to 
upstream activator sequence UAS to drive expression of a variety of transgenes that 
allow researchers to label cell morphology, image neural activity, and manipulate neural 
function (Figure 1.2). Additional binary systems that are conceptually similar to 
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Gal4/UAS have also been generated, such as QF/QUAS (Potter et al., 2010) and 
LexA/LexAop (Lai and Lee, 2006), which further expand the number of neural 
populations that can be manipulated simultaneously. Moreover, expression patterns can 
be further refined in three ways, 1) suppressing Gal4 activity in subsets of cells by co-
expressing an enhancer specific Gal80 (Gal4 inhibitor), 2) utilizing intersectional 
approaches that label the overlap between Gal4 and LexA or Qf expression, and 3) 
expressing complementary “split” Gal4 elements in different cell types, manipulating only 
populations where Gal4 is reconstituted. Laboratories are constantly generating and 
sharing Gal4 lines, which increases the number of neurons that one can manipulate 
selectively. Additionally, there are projects that focus on generating thousands of Gal4 
lines at once to rapidly progress in Drosophila studies. Recently, 7,000 Gal4 lines were 
generated (Jenett et al., 2012) by fusing defined fragments of the genome to Gal4 
sequences. Another group produced the integrase swappable in vivo targeting element 
(InSITE) collection of Gal4 lines (Gohl et al., 2011), which is ideal for circuit analysis 
because it allows Gal4 to be swapped for the genetic elements of other binary systems 
(i.e. LexA, Qf, split Gal4), which permits independent manipulation of neural populations. 
Genetic swapping utilizes recombinase-mediated cassette exchange (RMCE), which 
allows a sequence cassette (harboring Gal4) to be swapped out for a donor sequence 
(e.g. LexA) in vivo; thus, bypassing time-intensive molecular cloning techniques to 
recapitulate cell-specific Gal4 expression in other genetic systems. InSITE Gal4 lines 
were generated by randomly inserting an enhancer trap (P element or piggyBac 
transposon with Gal4 sequence) into the Drosophila genome, and thus driving the 
expression of Gal4 by a cell-specific enhancer sequence (Figure 1.2). This technique 
produced approximately 2,000 isogenic lines that sparsely label neurons in the 
peripheral and central nervous system providing access to neurons that might have not 
been identified in other Gal4 collections (Jenett et al., 2012), and do not incur 
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transvection effects (regulatory region influencing transcription of another region in trans) 
(Mellert and Truman, 2012). 
Dendritic arborization neurons detect various somatosensory stimuli and 
generate subtype specific behavior 
 The larval peripheral nervous system consists of sensory neurons with distinct 
morphologies collectively spanning the entire body wall. The body wall consists of 11 
segments, three thoracic (T1-T3), and eight abdominal (A1-A8), each innervated with 44 
sensory neurons classified by dendritic morphology: Type I sensory neurons possess 
single dendritic extensions and include mechanosensory external sensory neurons (es), 
and vibration-sensing chordotonals (chd) (Bodmer and Jan, 1987). Type II consist of 
multidendritic (md) neurons with diverse dendritic arborization. The md group is further 
subdivided into three groups: 1) neurons with bipolar dendrites (bd), 2) neurons with 
dendrites wrapping around the trachea (tracheal dendritic; td), and 3) the most 
morphologically complex, dendritic arborization neurons (da).   
 The larval somatosensory system has become an established model for studying 
molecular mechanisms underlying dendritic morphogenesis and patterning (Grueber et 
al., 2003; Matthews et al., 2007), and more recently has emerged as a model for 
studying neural pathways underlying behavior. Our molecular understanding of these 
neurons has revealed that each da neuron class expresses a unique profile of ion 
channels and receptors that enable modality specific detection, and subsequent 
behavior outputs (Figure 1.3) (Honjo et al., 2016; Turner et al., 2016). da neurons are 
characterized into four classes (Class I-IV) in order of increasing dendritic branching and 
expansiveness (Grueber et al., 2002) (Figure 1.3). Class I neurons with the simplest 
arbors are proprioceptive and important for peristaltic wave progression during larval 
locomotion (Hughes and Thomas, 2007). Class II dendrites are slightly more complex 
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than class Is and are likely mechanosensory (Tsubouchi et al., 2012). Class III are 
mechanosensory with dendritic actin-rich protrusions which are important for their 
gentle-touch function (Tsubouchi et al., 2012; Zhong et al., 2012) (Figure 1.3), and were 
also recently shown to be involved in cold nociception (Turner et al., 2016). Class IV 
neurons have the most complex dendrites. Only three neurons per hemisegment: dorsal 
ddaC, lateral vdaB, and ventral v’ada (Figure 1.4B-D) tile the entire body wall with their 
dendrites (Grueber et al., 2002). Class IV neurons collectively send their axon terminals 
to the ventral nerve cord, where they terminate in the ventromedial region of the neuropil 
(Figure 1.4A,E). Class IV (cIV) neurons are morphologically analogous to C-fibre and A∂ 
fibres in vertebrates, which also possess multi-branched terminals with free endings 
lacking accessory receptor cells or glial ensheathment (Hall and Treinin, 2011). 
Additionally, both cIVs and vertebrate nociceptors detect noxious stimuli using TRP and 
DEG/ENaC channels, showing evolutionary conservation (Hall and Treinin, 2011; 
Lumpkin and Caterina, 2007).  
 Each class of da neurons project their axons to the ventral nerve cord (VNC) and 
terminate in modality specific locations, analogous to dorsal horn organization (Figure 
1.4A) (Grueber et al., 2007). Proprioceptive afferents target the dorsomedial region, 
nociceptive afferents terminate in the ventromedial region, and mechanosensory 
neurons target a region adjacent to the nociceptive neuropil (Figure 1.4). This spatial 
organization seems to suggest that axons could be making modality specific 
postsynaptic partners, but at least one study suggests that multiple sensory neurons can 
converge on different locations on a dendritic arbor (Ohyama et al., 2015). There is also 
a topographical organization in the VNC, which is segmentally organized into bilateral 
thoracic and abdominal regions such that sensory neurons receiving input from specific 
hemisegments will project to corresponding regions in the VNC. Furthermore, depending 
on their morphology, interneurons in the nerve cord can primarily collect input from one 
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hemisegment, or multiple contra-/ipsi-lateral segments or along the nerve cord. This 
topographical organization might be important for previously reported directional 
responses to sensory stimuli (Hwang et al., 2007). 
Class-IV neurons are primary nociceptors in Drosophila larvae 
 Despite C.elegans and Drosophila being widely used to study molecular and 
neural mechanisms of nociception today, there was a time when invertebrates were not 
even thought respond to damaging stimuli. In 1900, Norman zealously argued that 
attributing “pain sensations” to lower animals, such as worms and leeches, was an 
anthropomorphic conclusion. To clarify, he was not referring to a conscious or emotional 
component of pain, but instead denying that invertebrates could detect and react to 
harmful stimuli. In one section he reasons that the rapid thrashing observed upon 
throwing leeches into water heated to 40˚ could not be harmful to the leech because 
blood rushes through the human body at a similar temperature and is not detected as 
noxious (Norman, 1900). Nevertheless, nociceptive behaviors continued to be 
catalogued and characterized, notably bending and thrashing responses to noxious 
stimuli in caterpillars was initially described in 1945 (Frings, 1945) and later found to be 
subject to sensitization (Walters et al., 2001). The latter study found that a noxious 
stimulus to one of the prolegs on the larval Manduca sexta could induce a generalized 
sensitization across segments, resulting in nociceptive behavior in response to gentle-
touch stimuli. A class of dendritic arborization neurons in Manduca was proposed to be 
nociceptive, potentially driving this effect (Grueber et al., 2001). In Drosophila, dendritic 
arborization neurons were also initially implicated in nociceptive behavior (Tracey et al., 
2003). Much like previous studies of nociception, the identification of the nociceptive 
behavior preceded identification of the nociceptors themselves. Tracey et al. discovered 
that in response to a hot probe or harsh mechanical stimulus, Drosophila larvae would 
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exhibit a peculiar corkscrew-like lateral locomotion, termed rolling, that was unlike the 
forward contractions observed during crawling. This robust nociceptive behavior has 
been the basis for many screens aimed at identifying the molecular underpinnings of 
nociception (e.g. transient potential ion channel, painless).  (Honjo et al., 2016; Tracey et 
al., 2003). Tracey and colleagues later identified class IV neurons as being necessary 
and sufficient for the nociceptive rolling behavior (Hwang et al., 2007). This initial 
characterization of larval nociceptors has provided the opportunity for studying 
nociceptive sensitization (Babcock et al., 2009; Babcock et al., 2011; Im et al., 2015), 
and the neural circuitry driving nociceptive motor responses (see following section). 
 Functionally similar to C-fibres and A∂ fibres in mammals, Class IV neurons are 
polymodal nociceptors, sensing chemical, high-threshold mechanosensory, and noxious 
heat stimuli (>39°C) (Babcock et al., 2009; Terada et al., 2016; Tracey et al., 2003; 
Zhong et al., 2012). In response to increases in heat (>39°C) or pressure (> 45mN), 
larvae perform a sequential nocifensive response: C-shape body bending, 360° lateral 
turns (rolling), and finally a 1.5 fold increase in crawling speed termed, escape crawl 
(Figure 1.4F) (Ohyama et al., 2013; Tracey et al., 2003). A small fraction of animals 
exhibit rolling, without escape crawling, or a bend-escape crawl sequence without rolling, 
suggesting escape response modules can be combined into different sequences 
(Ohyama et al., 2013). cIVs have been previously shown to be necessary and sufficient 
for nocifensive escape behavior and seem to be playing a general role in avoidance 
(Hwang et al, 2007; Xiang et al, 2010; Johnson et al, 2012). Class IV neurons are also 
thought to have a proprioceptive role, increasing larval locomotion with minimal turning 
following loss of ppk1 (Ainsley et al., 2003). Although the sensory neurons detecting 
noxious stimuli, and the stereotyped behavior they evoke have been well-characterized, 
we are only beginning to understand the complex neural circuitry underlying nocifensive 
escape responses. 
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Ethological role for nocifensive escape behavior 
 Nocifensive rolling provides the fastest form of larval locomotion (up to 8mm/s 
compared to 1m/s during forward locomotion) (Hwang et al., 2007; Ohyama et al., 2013), 
which might enable an animal to quickly remove itself from a noxious environment. Such 
rapid locomotion is presumably energetically expensive, and might therefore confer 
strong fitness advantages. In natural environments, the female parasitoid wasp uses 
Drosophila larvae as a host for development of its offspring. Studies focusing on 
Leptopilina boulardi have revealed that the wasp attack consists of multisensory stimuli: 
the wasp secretes chemical cues (Ebrahim et al., 2015) as it holds onto larvae (tactile) 
before injecting its egg through a sharp ovipositor (mechanical noxious stimulus) (Hwang 
et al., 2007; Robertson et al., 2013). If oviposition and development are successful, the 
wasp larva consumes the Drosophila larvae from within and ecloses from its pupal case. 
Thus, Drosophila are under strong evolutionary pressure to avoid wasp oviposition. 
Nocifensive escape can offer an effective strategy for evading oviposition as rolling 
towards the wasp, which initially seems counterintuitive, can tangle its ovipositor. If 
successful, the larva can throw the wasp on its back in extreme cases, and is free to 
rapidly escape crawl from the dangerous situation (Hwang et al., 2007; Robertson et al., 
2013). Thus, the nocifensive escape sequence is crucial for larval survival and must be 
controlled by neural circuits that produce these behaviors effectively and in coordinated 
succession.   
Neural circuitry underlying nocifensive escape behavior 
 Neural circuit analysis can be enhanced by electron microscopic (EM) circuit 
reconstruction to generate wiring maps, uncover novel interactions, and generate 
testable hypotheses along with behavioral and functional methods. An EM serial section 
volume has been generated for the 1st instar larva, and dedicated efforts across multiple 
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labs have so far reconstructed ~60% of the larval CNS (Cardona, personal 
communication). With the aid of EM reconstruction, a recent study identified a complete 
microcircuit driving nocifensive rolling via second order Basin interneurons, which 
receive direct input from nociceptive cIVs and vibration sensing chordotonals (chd) 
(Ohyama et al., 2015). Among the neurons that have been identified so far are Basin 
neurons, Goro neurons, and A08 neurons.  The Basin population consists of four 
subtypes, two of which receive chd input exclusively (Basin-1,3), and two of which 
integrate noxious and chd input (Basin-2,4) (Figure 1.5). Although Basin-1,3 do not 
receive substantial input from cIV neurons, they synapse onto A08m and A08x neurons, 
which are lateral interneurons, that can trigger rolling (Figure 1.5) (Wreden et al., 2017). 
The connectivity downstream of A08m and A08x neurons has not been completed, so 
connections to known nociceptive interneurons are not yet identified. Co-activating 
vibration and nociceptive circuits enhances functional responses in Basin-1,4 neurons 
and probabilistically increases rolling behavior. Additional EM reconstruction revealed 
that vibration and nociceptive convergence occurs further downstream, including onto 
Goro rolling command-like neurons, which reside in the motor domain of the nerve cord, 
but do not directly target premotor neurons. Basins-1,3 indirectly target Goro neurons 
through a brain pathway (Figure 1.5). Interestingly, chordotonals also express painless, 
a transient receptor potential ion channel, which is required for both mechanical and 
thermal nociception (Tracey et al., 2003). Notably, neither Goro nor Basin-1,4 silencing 
completely eliminated rolling behavior pointing to additional circuits promoting rolling. 
Furthermore, the neural circuitry controlling the C-bending, escape crawling, and 
sequence progression between escape behavior modules remains unknown. Ohyama et 
al., highlights the advantage of using EM reconstruction to identify novel circuit motifs 
that can be relevant to other somatosensory circuits.  
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 The polymodal nature of class IV neurons elicits two interesting circuit questions: 
1) how does the same neuronal subtype produce distinct avoidance behaviors?, and 2) 
does the brain distinguish between sensory stimuli that evoke the same avoidance 
response (i.e. rolling)? To address the first question, Terada et al., recorded from class 
IV neurons during exposure to blue light or noxious heat stimuli, which generate distinct 
avoidance behaviors-- head turning/change in crawling direction, and nocifensive rolling, 
respectively. In response to noxious heat, cIVs produced high frequency firing bursts 
intermittent with pause periods that led to high Ca2+ influx in cIV dendrites. Conversely, 
low-frequency continuous firing patterns characterized responses to noxious blue light 
(Terada et al., 2016). Thus, cIV encodes noxious light and heat differently and likely 
recruits distinct downstream motor circuits to generate modality-specific avoidance 
behaviors.  
 As for whether circuit elements distinguish between noxious stimuli that generate 
the same behavioral response, recent work supports divergent circuits underlying 
thermal nociception and mechanical nociception (Hu et al., 2017). Although both forms 
of noxious stimuli can elicit nocifensive escape, mechanical nociception is dependent on 
mechanosensory class II, and class III neurons, to a lesser extent, which converge with 
cIV input onto two dorsal insulin-like peptide 7-producing neurons (DP-ilp7). DP-ilp7 
activation does not induce escape rolling, but its activity through short neuropeptide F 
(sNPF) modulates activity in cII-IV neurons. sNPF dependent modulation is required for 
cII-cIV neurons to promote rolling through A08n ascending projection neurons (Figure 
1.5). Although A08n neurons receive direct synaptic input from class IV neurons, the 
mechanosensory (cII, cIII) and cIV signaling seems to occur primarily through sNFP as 
reducing sNPF receptor (sNPFR) in A08 neurons abolishes responses to cII-cIV.  
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Interestingly, A08n, cII-cIII sensory neurons, and the ilp-7 neurons are dispensable for 
behavioral responses to noxious thermal stimulation, suggesting that these circuit 
elements are selectively recruited during mechanical nociception.  
 Taken together, recent work has uncovered the rich circuit complexity underlying 
the nocifensive escape response. This thesis aims to address how noxious stimuli are 
transformed into coordinated escape motor outputs by focusing on the following 
questions: 1) What are the circuit elements driving nocifensive escape, notably, are 
there microcircuits driving each motor output (e.g. C-shape bending)?,  2) How do 
nociceptive interneurons interact with downstream premotor/motor circuitry to promote 
bending and rolling?, and finally, 3) Do nociceptive circuits integrate additional 
somatosensory input, and if so, how does this affect nocifensive behavior? Thus, we 
anticipate that a more complete circuit level understanding of nociception in Drosophila 
will uncover novel fundamental features underlying sensorimotor processing. 
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Figure 1.1: Somatosensory transduction in Vertebrates 
 
 
Figure 1.1: Somatosensory transduction in Vertebrates 
Schematic representing somatosensory afferent targeting in the periphery and in the 
spinal cord.  


























Figure 1.2: InSITE overview 
 
 
Figure 1.2: InSITE overview 
Schematic overview of the InSITE system. Gal4 sequence becomes inserted into the 
Drosophila genome near an enhancer, which will drive expression of Gal4 activator. 
Gal4 binds to upstream activator sequence (UAS) to express transgene of interest (e.g. 
to label, activate or silence neurons). InSITE genetic swapping occurs in vivo and can 
replace Gal4 with another genetic element (LexA, QF, Gal80, Gal4-AD, Gal4-BD). 
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Figure 1.3: Dendritic arborization neurons detect distinct sensory modalities 
 
 
Figure 1.3: Dendritic arborization neurons detect distinct sensory modalities 
Dendritic arborization neurons Class I-IV: representative traced neuron showing class 






Figure 1.4: Class-IV neurons are larval nociceptors  
 
Figure 1.4: Class-IV neurons are larval nociceptors  
 (A) Schematic showing the Drosophila larval CNS. Red neurons on the body wall 
represent cIV nociceptive neurons, and scaffold in the CNS represents class IV (cIV) 
axonal projections. Enlarged transverse section through ventral nerve cord (VNC) is 
shown below. Color-coded regions depict modality specific locations where sensory 
axons (nociceptive, red; mechanosensory, blue; proprioceptive; green) and motor 
neurons (yellow) terminate in the neuropil.  
(B-E) ppk-CD4-tdTomato (anti-dsRed) labeling cIV sensory neurons (B-D) or 
cIV CNS scaffold (top: anterior-posterior view; bottom: dorsoventral view) 
(F) Sequential nocifensive escape behavior consisting of C-shape bend followed by 
corkscrew-like rolling, and increased forward locomotion, termed escape crawl. Scale 
bar: 50µm (B-E) 
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Figure 1.5: Neural circuitry underlying nocifensive behavior in Drosophila larvae  
Identified neural pathways triggering nocifensive rolling in Drosophila larvae. VNC 
pathways refer to circuits within the ventral nerve cord, and brain pathways refers to 
pathways that target neurons in the brain lobes. Solid arrow= EM-validated connectivity, 







Chapter II:  
Down-and-Back nociceptive interneurons promote sequential bending and rolling 
stages of nocifensive escape behavior1 
 
Abstract 
 Nociception, the detection and avoidance of harmful stimuli, is a fundamental and 
evolutionarily conserved somatic sense. Although the sensory neurons that detect 
noxious stimuli are well studied in numerous organisms, how noxious stimuli are 
transformed into complex coordinated escape behavior remains poorly understood. In 
response to noxious stimuli, Drosophila larvae perform a sequential escape behavior: C-
shape bending, and 360˚ turning (rolling), followed by rapid crawling (escape crawl). 
I have identified a population of interneurons in the CNS of Drosophila larvae, termed 
DnBs, provide anatomical and functional evidence that these neurons are targets of 
class IV nociceptive dendritic arborization (da) neurons, and show that they are required 
for nociceptive escape behavior. Activating DnB neurons promotes rolling escape 
behavior, but can also elicit the initial C-shape bend in the absence of rolling, revealing 
novel modularity in the neural circuits driving escape behavior. Conversely, silencing 
DnB activity decreases bending curvature, and reduces rolling probability. These results 
identify a crucial component of the initial transduction of nociceptive input to the central 
circuitry underlying escape behavior.  
Introduction 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1  I am thankful to my collaborators for their valuable contributions to this work. Ken Honjo performed 
calcium imaging experiments, Sam (Cheng) Qian performed bending curvature analysis, Lalanti 
Venkatasubramaniam cloned syb-GRASP, and Wes Grueber, Dan Tracey, Marion Silles, David Gohl, Marta 
Zlatic, Tomoko Ohyama, and Albert Cardona provided input on data analysis and the main text. 
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 Nociception, the detection and avoidance of harmful stimuli, is fundamental and 
evolutionarily conserved. Noxious stimuli can elicit aversive withdrawal (termed 
nocifensive behavior), which is an essential evolutionarily conserved behavior. 
Nocifensive responses can be diverse within an organism, and occur in serial order. For 
instance, in response to a local noxious stimulus to the paw, rodents will engage in a 
sequence of nocifensive behaviors, which can include head and foot movements, 
posture adjustment, and alternation of foot elevation. The display of nocifensive 
sequences can vary based on stimulus intensity, revealing a hierarchy of protective 
motor responses (Blivis et al., 2017; Fan et al., 1995). Although the sensory neurons that 
detect noxious stimuli have been well studied in numerous organisms, how noxious 
stimuli are transformed to the complex sequential behaviors that protect animals from 
harm remains poorly understood.  
 Drosophila larvae provide an advantageous system in which to dissect neural 
circuit organization, connectivity and function. Class IV (cIV) dendritic arborization (da) 
neurons are polymodal nociceptive neurons with receptive territories that together tile 
the entire larval epidermis (Grueber et al., 2002; Hwang et al., 2007). cIV neurons are 
both necessary and sufficient for generating defensive withdrawal (nocifensive) behavior 
in response to noxious stimuli (Hwang et al., 2007). Strong mechanical and high thermal 
stimulation induce nocifensive C-shaped body bending and rolling behavior, followed by 
rapid forward locomotion, or escape crawl (Hwang et al., 2007; Ohyama et al., 2015). 
The behavioral responses of Drosophila larvae to noxious stimuli are both diverse and 
sequential, suggesting significant complexity in the circuits downstream of primary 
sensory neurons. 
 In the ventral nerve cord of Drosophila larvae, da sensory neurons extend axon 
terminals to discrete locations in a modality specific manner reminiscent of the 
organization of the vertebrate dorsal horn (Grueber et al., 2007; Merritt and Whitington, 
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1995; Todd, 2010). cIV neurons have been characterized both anatomically and 
functionally, yet the circuit for nociceptive processing is still poorly understood. A recent 
study identified circuit elements downstream of cIV neurons that integrate vibration and 
noxious stimuli, but also pointed to extensive circuit divergence at the first 
somatosensory relay (Ohyama et al., 2015). The stereotypical projections of cIV sensory 
axons, characterization of cIV function, and accessibility of central neurons afforded by 
large collections of Gal4 lines facilitate dissection of circuit organization underlying 
nociceptive escape behavior. In particular, the integrase swappable in vivo targeting 
element (InSITE) collection of Gal4 lines is ideal for circuit analysis because it allows 
Gal4 to be swapped for other genetic effectors (i.e. LexA, Qf, split Gal4), permitting 
independent manipulation of neural populations.  
 Here, I identify a population of second-order somatosensory neurons, termed 
Down-and-Backs (DnBs), that transduce information from cIV sensory neurons. The 
activity of DnBs triggers sequential components of the nociceptive escape response: C-
shape bending and rolling. Although C-shape bending and rolling normally coincide, DnB 
activation can trigger bending in the absence of rolling, revealing previously 
uncharacterized modularity in this escape circuit. Silencing DnB neurons impairs the 
curvature of C-shape bending, and reduces the probability of rolling. 
These findings reveal a novel component of the nociceptive circuit and provide insight 
into how sensory input is transduced into rapid coordinated escape behavior. 
 
Results 
Identification of putative nociceptive interneurons: Down-and-Backs 
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 To gain access to nociceptive circuitry, I examined integrase swappable in vivo 
targeting element (InSITE) Gal4 lines (Gohl et al., 2011) for expression in the ventral 
region of the ventral nerve cord (VNC) where class IV (cIV)  nociceptive axons terminate 
(Grueber et al., 2007)(Figure 2.1A). I identified 412-Gal4, which labeled segmental 
interneurons with processes in the nociceptive ventromedial neuropil (Figure 2.1B). 412-
Gal4 also labeled a bilateral population of neurons in the brain lobes, and faintly labeled 
other cell bodies in the VNC (Figure 2.1B), but did not label primary sensory neurons or 
motor axons (Figure 2.2B-D'). To characterize the morphology of 412-Gal4 VNC 
interneurons at single-cell resolution, I used the ‘Flip out’ technique (Basler and Struhl, 
1994; Wong et al., 2002). Primary neurites project to the ventromedial neuropil, where 
they arborize profusely (Figure 2.1C'). A single process emerged from this dendritic 
region and projected laterally and dorsally back towards the cell body (Figure 2.1C'). 
This population of interneurons was also found in the thoracic segments where they 
exhibited longer medial and lateral processes (Figure 2.2A). Fitting with lineage-based 
nomenclature, the interneurons labeled by 412-Gal4 were identified as the A09l neurons 
(Lacin and Truman, 2016). Because these neurons project ‘down’ to the ventromedial 
neuropil, arborize, and sent a reverse projection towards the cell body, I refer to them as 
“Down-and-Back” or DnB neurons.  
 Single-cell analysis also revealed that 412-Gal4 labels additional interneurons in 
the nerve cord, including previously characterized serotonergic A26e neurons (Huser et 
al., 2012; Okusawa et al., 2014) (Figure 2.2E- F''), and GABA-ergic A27j neurons 
(Fushiki et al., 2016; Schneider-Mizell et al., 2016) (Figure 2.2G-H'').   
 To characterize the input and output regions of DnB neurons, I examined the 
distribution of presynaptic and postsynaptic markers. Dendritic marker, or DenMark is a 
fusion between dendrite-restricted mammalian adhesion molecule ICAM5/Telencephalin 
and the red fluorescent protein, mCherry. I found that medial processes accumulated the 
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dendritic marker, DenMark (Nicolai et al., 2010) (Figure 2.3A-A'). The lateral projections 
accumulated the presynaptic marker bruchpilot.shortmCherry (BRP.shortmCherry) (Schmid et 
al., 2008) (Figure 2.3B-B'). I also observed BRP.shortmCherry accumulation in medial 
dendrites, suggesting both presynaptic and postsynaptic functions for these arbors 
(Figure 2.3B-B'). Next, I investigated the neurotransmitters released by DnB neurons, by 
immunostaining for glutamate transporter (vGLUT), and inhibitory neurotransmitter, 
GABA. I did not observe labeling of vGLUT or GABA in DnB cell bodies (Figure 2.3C-
D''). I further excluded GABA neurotransmission by introducing GAD-Gal80 (Sakai et al., 
2009), which would inhibit Gal4 activity in GABA expressing neurons, into 412-Gal4, 
UAS-mCD8:GFP animals and found no reduction of GFP signal (Figure 2.3E-E'). These 
data suggest that GABA is not a transmitter for DnB neurons. Next, I examined whether 
DnB neurons signal via acetylcholine neurotransmission by combining cha3.3kb-Gal80 
(Kitamoto, 2002), which inhibits Gal4 activity in cholinergic neurons, with 412-Gal4, 
UAS-mCD8:GFP. I found a reduction in GFP signal in both cell bodies and in medial 
processes of DnB neurons (Figure 2.3F-F'), suggesting that DnB interneurons are 
cholinergic. To further validate achetylcholine production in DnB neurons, I co-labeled 
with the protein fusion, ChAT-eGFP, which tags endogenous choline acetyltransferase 
(ChAT) with eGFP (Nagarkar-Jaiswal et al., 2015). I observed ChAT-eGFP expression in 
both DnB cell bodies, and axonal processes (Figure 2.3G- G'''). Taken together, these 
data suggest that DnB interneurons are cholinergic interneurons.  
 
 
DnB neurons transduce noxious stimuli downstream of cIV neurons 
 
 DnB dendrites arborize in the nociceptive neuropil of the VNC, making them  
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candidate targets of cIV nociceptive sensory neurons. I co-labeled DnB neurons and cIV 
sensory axons to visualize potential connectivity between these populations. Co-labeling 
with cIV markers revealed overlap between DnB dendritic processes and cIV axon 
terminals (Figure 2.4A-A'). A lateral domain of the DnB dendritic field did not overlap with 
the cIV terminals, raising the possibility of connectivity with additional dendritic 
arborization (da) somatosensory modalities (Figure 2.4A''; Chapter IV). I next used the 
GFP reconstitution across synaptic partners (GRASP) technique (Feinberg et al., 2008; 
Gordon and Scott, 2009) to assess putative connectivity between DnBs and 
multidendritic (md) sensory neurons, which include cIVs. GRASP consists of 
complementary non-fluorescent split GFP fragments that exhibit fluorescence when 
reconstituted across neighboring membranes (~100nM apart), such as the synaptic cleft. 
We identified an InSITE line, 585-Gal4 that labeled all md neurons, and generated 585-
LexA by standard InSITE swapping methods to perform the GRASP labeling technique 
(Figure 2.4B). I drove expression of LexAop-CD4-spGFP11 in md neurons using 585-
LexA and the complementary fragment UAS-CD4-spGFP1-10 in DnB neurons using 412-
Gal4, and observed GFP reconstitution in a region corresponding to cIV nociceptive 
axons, but also cIII mechanosensory neurons (Figure 2.4C)(See Chapter IV). Even while 
amplifying fluorescent signal with an antibody targeting the reconstituted GFP (Gordon 
and Scott, 2009), I still observed dim fluorescence. To enhance the low signal of 
reconstituted GRASP, I generated high expressing constructs of spGFP fragments 
(13XLexAop-spGFP11 and 20XUAS-spGFP1-10) and repeated the GRASP experiments 
between md and DnB neurons. High expression GRASP resulted in strong native signal 
consistent with reconstitution around regions of cIII-cIV axons, but it also resulted in 
extensive, potentially non-specific, labeling of other parts of the DnB neuron (Figure 
2.4D). The GRASP signal detected at sites corresponding to DnB axons (Figure 2.4C-D, 
arrowhead) might be representative of non-synaptic cell-cell contact due to the diffuse 
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expression of spGFP fragments along the entire neuron. I sought to eliminate this 
possibility by restricting spGFP1-10 to the presynaptic neuron by tethering it to vesicle-
associating membrane protein, synaptobrevin (syb). spGFP1-10 is localized to the inside 
of synaptic vesicles via the C-terminus of synaptobrevin, which leads to increased 
display of spGFP1-10 on the presynaptic membrane following vesicle fusion during 
neuronal activation (Macpherson et al., 2015). Thus, this version of GRASP 
reconstitutes in an activity dependent manner. We generated QUAS-n-syb-GFP1-10 
(Frank et al., 2015; Karuppudurai et al., 2014; Macpherson et al., 2015) and drove 
expression exclusively in cIV nociceptive neurons using TrpA1-QF and expressed 
complementary UAS-CD4-GFP11 in DnB interneurons using 412-Gal4. I observed GFP 
reconstitution in a pattern consistent with the cIV axon scaffold (Figure 2.4E). Labeling 
was not observed in controls when either fragment was expressed alone (Figure 2.4F-
G). These results support connectivity between DnB dendrites and cIV sensory neurons.  
 cIV nociceptive neurons are activated by noxious thermal stimuli above 38˚C 
(Terada et al., 2016; Tracey et al., 2003; Xiang et al., 2010). To determine whether DnB 
neurons respond to noxious stimuli, we performed calcium imaging experiments in the 
presence of noxious heat, in collaboration with Ken Honjo in the lab of Dan Tracey 
(Indiana University). I provided the Tracey lab with flies expressing GCaMP6m (Chen et 
al., 2013) in DnB neurons using 412-Gal4.  They performed imaging in a partially 
dissected preparation and applied a local ramped heat stimulus to abdominal segments. 
We observed increased GCaMP6m fluorescence in DnB neurons (identified by 
morphology) beginning at 39˚C and plateauing at approximately 42˚C (Figure 2.5A-C), 
fitting well with prior studies showing cIV neuron spiking above 38˚C (Terada et al., 
2016; Tracey et al., 2003; Xiang et al., 2010). Silencing cIV neurons reduced mean DnB 
calcium responses by 68% during noxious stimulation and delayed the onset of the 
calcium response (Figure 2.5D-F). To determine the number of DnB cells responding to 
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noxious stimulation with or without class IV activity, I used the lowest peak response for 
DnB neurons in the initial cohort of experiments (Figure 2.5B) to set as a threshold for 
“noxious responder.” Using this classification, the percentage of DnB neurons 
responding to noxious heat was reduced from 92% to 27% (Figure 2.5G) when cIV 
neurons were silenced, suggesting that DnB responses to noxious heat are largely cIV 
dependent. Taken together, these data support a role for DnB neurons in the 
transmission of noxious heat stimuli from cIV sensory neurons. 
DnB neurons trigger nocifensive behavior downstream of nociceptive cIV neurons 
 
 Next, I assessed the role of DnB neurons in triggering nocifensive escape 
behavior using both thermogenetic and optogenetic approaches. Thermogenetic 
activation of 412-Gal4 neurons elicited rolling behavior (Figure 2.6A-B). I observed 
similar rolling behavior when I activated 412-Gal4 neurons using red activatable 
channelrhodopsin (ReaChR) (71% of animals, n=48) in animals raised with all-trans-
retinal, an essential co-factor for channelrhodopsin (Figure 2.6C). To test whether 412-
Gal4 neurons triggered rolling downstream of cIV neurons, I performed a circuit epistasis 
experiment. Silencing of cIV neurons by driving tetanus toxin light chain (TNT::HA) 
(Karuppudurai et al., 2014) under the control of a cIV-specific driver R38A10-LexA 
(Jenett et al., 2012) (Figure 2.6D) reduced rolling behavior in response to a local noxious 
stimulus delivered to segments A4-A6 (Figure 2.6E). Activation of DnBs using 412-Gal4 
neurons largely bypassed this inhibition and induced rolling in 82% of animals (n=27) 
(Figure 2.6F). Thus, DnB neurons likely elicit nocifensive escape behavior downstream 
cIV neurons. 
 I identified an additional Gal4 line from the InSITE collection labeling DnB 
neurons, and tested its ability to induce nocifensive behavior. We generated 412-QF by 
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standard InSITE swapping methods (Gohl et al., 2011) (Figure 2.7A-A'') and verified 
overlapping expression of 4051-Gal4 with 412-QF in the DnB interneurons (Figure 2.7C-
C'''). I also counted the number of overlapping neurons between both drivers, and found 
that 4051-Gal4 labeled all 22 DnB cell bodies (Figure 2.7D). Thermogenetic activation of 
4051-Gal4  induced rolling in 80% of larvae (Figure 2.7E). Among the other overlapping 
populations between these drivers and 412-QF, 4051-Gal4 overlapped with 23 non-DnB 
neurons in the VNC, and 18 neurons in the brain lobes. 412-Gal4 off target A26e and 
A27j was found occasionally in 4051-Gal4 pattern. To exclude the contribution of A26e 
and A27j in 412-Gal4 triggered rolling, I activated these populations separately using the 
pan-serotonergic line driven by the tryptophan hydroxylase (TRH) enhancer, TRH-Gal4 
(Alekseyenko et al., 2010) , and R38H01-Gal4 (Jenett et al., 2012; Schneider-Mizell et 
al., 2016), respectively (Figure 2.8A-B). I found that activating A27j or A26e neurons did 
not significantly increase incidence of rolling (Figure 2.8C). Together, these data are 
consistent with a role for DnB neurons in driving rolling behavior. 
  
DnB neurons promote both bending and rolling modules of nociceptive escape  
 
 Our results support a role for DnB neurons in triggering rolling behavior. To refine 
our manipulations, and exclude the possibility that brain neurons labeled by 412-Gal4 
were contributing to rolling, I genetically separated 412-Gal4 brain expression from VNC 
expression by combining the VNC-specific Gal4 inhibitor tsh-Gal80 with 412-Gal4 
(Figure 2.9B). Rolling was not observed when 412-Gal4 expression was restricted to 
brain neurons (0% responding, n= 25; Figure 2.9D). Conversely, to determine whether 
activity in VNC interneurons can trigger nociceptive rolling, I used an intersectional 
strategy to drive Gal4 expression at the intersection of tsh-LexA and 412-Gal4 (412-Gal4 
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VNC) (Figure 2.9A,C). Compared to control animals that did not roll (0% responding, 
n=21), activating 412-Gal4 neurons in the VNC, where DnBs reside, probabilistically 
increased rolling (59% rolling, n=30; Figure 2.9D). I have shown that 412-Gal4 VNC, and 
4051-Gal4 neurons are sufficient to trigger rolling. Thus, supporting a role for DnB 
neurons in generating nocifensive escape behavior.  
 The behaviors induced by 412-Gal4 VNC neuron activation were similar to the C-
shaped body bending and rolling generated by noxious stimuli (Hwang et al., 2007; 
Ohyama et al., 2013). Since class IV (cIV) da neurons function as primary nociceptors 
(Hwang et al., 2007), I performed behavioral analyses to determine which subset of the 
nocifensive escape sequence was being activated by DnB circuits. The escape 
response consists of 1) C-shape body bending, 2) 360˚ lateral turns (rolling), followed by 
3) increased forward locomotion (escape crawl). I initially compared the behavioral 
consequences of activating primary nociceptors, cIV neurons, versus downstream DnBs 
neurons labeled with VNC restricted 412-Gal4 (Figure 2.9C). To quantify the motor 
behaviors that occur during nocifensive escape, I monitored bending behavior that 
occurs prior to rolling (bend only, B), and bending behavior that occurs during rolling 
(bending + lateral locomotion, or rolling; R). I also recorded hybrid behaviors, such as 
bend-crawl (BC) in which crawling larvae were persistently bent (Figure 2.9F). I found 
that cIV or 412-Gal4 VNC activation led to similar overall time spent in a bent body 
orientation (B, R, BC) and increases relative to control animals (Figure 2.9G). cIV neuron 
activation more often led to rolling behavior, whereas 412-Gal4 VNC activation was 
more likely to induce sustained B or BC behavior (Figure 2.9H-I). For example, activation 
of 412-Gal4 VNC neurons caused larvae to spend more time performing BC behavior 
compared to activation of cIV neurons (32% total time; bout mean=7.8s vs. 16% total 
time; bout mean= 2.7s, respectively; Figure 2.9J). Thus, 412-Gal4 VNC activation can 
induce body bending both with and without nociceptive rolling, suggesting a degree of 
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modularity. These data are consistent with a role for 412-Gal4 VNC neurons, including 
DnBs, in promoting both the body-bending and rolling components of nociceptive 
behavior.  
 One possibility is that class IV and Down-and-Back neurons can recruit different 
motor patterns based on levels of neural activation. To further examine the motor 
programs induced by cIV and DnB activation, I designed a behavioral paradigm that 
would allow for improved temporal control of activation at different intensities, along with 
high-resolution behavior recordings. I chose the light intensity for the “Highest” group 
based on previously reported measurements for ReaChR activation (Clowney et al., 
2015), and scaled down progressively for “Moderate,” “Low,” and “Lowest” activation 
(see methods). Again, we monitored bending only (B), rolling (R), and added crawling 
(C), and pausing (P), which were often observed either before, or immediately following 
activation. Bend-Crawl (BC) was not observed in this experimental paradigm during 
activation of either population of neurons, so we did not quantify these responses. I 
optogenetically activated DnB and cIV neurons at each light intensities for 10 seconds 
by expressing UAS-ReaChR, using 412-Gal4, and PPK1.9-Gal4, respectively. Behavioral 
ethograms show that when cIV neurons are activated, from Low to Highest intensities, 
animals will only perform rolling within the 1st second of activation (Figure 2.10A). 
Conversely, 412-Gal4 activation of DnBs, triggered only bending at Low levels of 
activation, bending followed by rolling (within 10s) at Moderate levels of activation, and 
mostly rolling (within 5-10s) at the Highest intensity (Figure 2.10B). At the Lowest level of 
intensity, DnB activation mostly led to crawling, and cIV neurons induced few rolling 
events and some bending, which did not persist for more than 1s, or result in rolling. 
These data suggest that cIV activation triggers rolling probabilistically, as an all-or-none 
response, and DnB activation elicits mostly bending, which depending of levels of 
activation may or may not lead to rolling events. Since the 1st second of activation 
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elicited rolling in cIV-activated animals, but only bending in some DnB activation 
conditions (Figure 2.10C-D), we measured the degree of bending to determine whether 
there was a relationship between degree of bending, and likelihood to perform rolling. 
Indeed, we found that the cIV group generally had more values at smaller angles than 
the 412-Gal4 group within 1s of activation, suggesting that amount of bending might be 
coupled with probability to execute rolling (Figure 2.10E). Notably, low activation of 412-
Gal4 did not result in other somatosensory behaviors, such as gentle-touch responses 
(i.e. recoil, backward crawling, head turns) (Kernan et al., 1994). These data suggest 
that whether DnB neurons trigger bending vs rolling modules is intensity dependent, as 
low levels of activation induce mostly bending, and higher levels of activation trigger 
mostly rolling (with some delay). Moreover, the bending analysis suggests that rolling 
appears to coincide with smaller bend angles (i.e. deeper C-shape bends).  
DnB interneurons are required for nociceptive rolling and robust body bending  
 
 Next, I tested whether Down-and-back neurons were required for robust bending 
and rolling in response to noxious stimuli. I took an intersectional approach to further 
refine my manipulations by first performing an in silico screen of approximately 7000 
enhancer-based Gal4 expression patterns in the Rubin collection (Jenett et al., 2012; Li 
et al., 2014). I identified several lines with broad expression in the VNC and performed a 
secondary screen on corresponding LexA versions by crossing them to 412-Gal4, 8X-
lexAop2FLPL, and 10XUAS>stop>myr:GFP (Shirangi et al., 2013). This approach led to 
labeling at the intersection of the LexA and Gal4 lines. We identified one line, R70F01-
LexA, that supported intersectional expression in abdominal DnB neurons, weakly in a 
small number of other VNC neurons, including A27j, and only rarely in one brain neuron 
(Figure 2.11 A-B'). I used the R70F01-LexA∩412-Gal4 (R70F01∩412) strategy to drive 
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expression of Kir2.1-GFP (Shirangi et al., 2013), a hyperpolarizing channel (Baines et al., 
2001) (Figure 2.11C). Unlike myr:GFP expression where I saw a small percentage of 
CNS with labeling in the brain lobes (Figure 2.11B'), I did not observe this with 
intersectional Kir2.1-GFP strategy. As has been described (Shirangi et al., 2013), I 
observed all-or-none expression of Kir2.1-GFP so larvae were visualized after 
experiments to assess Kir2.1-GFP expression (32%, n=125). Animals were classified as 
‘non-silenced’ (i.e. lacking Kir2.1-GFP expression) controls or ‘R70F01∩412-silenced’ 
(i.e. with Kir2.1-GFP expression in VNC). 
 Upon exposure to a noxious surface (40˚C), control animals showed a typical 
nociceptive sequence of (1) C-shaped body bending and rolling, (2) ‘transition,’ brief 
forward crawling with lateral bending and occasional rolling, and (3) ‘escape crawl,’ rapid 
forward crawling (Figure 2.12A). Notably, this transition phase consisted of the animal 
snapping in and out of the lateral bends, which was different that the aforementioned 
‘bend-crawl’ where animals crawled slowly while maintaining a bent posture. During 
escape crawling, I observed no C-shaped body bending or rolling. Silencing 
R70F01∩412 neurons did not abolish rolling, but significantly reduced the absolute 
number of rolls per trial (rolling median= 0, R70F01∩412 silencing; median=3, control 
groups; Figure 2.12B), without affecting the order of the rolling bout in the nociceptive 
sequence, or the latency to initiate first roll (Figure 2.13C). When I examined the time 
required to complete an individual roll, I found that R70F01∩412-silenced animals took 
more time to complete a roll (mean=1.54s ±0.976 SD, n=15) compared to control 
animals (mean=0.84s ±0.652 SD, n=20), indicating that R70F01∩412 neurons are 
important for rapid rolling behavior (Figure 2.12D). I also noted that R70F01∩412 
silenced animals appeared to crawl more slowly (data not shown), perhaps signaling a 
deficit in escape crawl. To determine whether silencing A27j neurons contributed to the 
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reduced rolling observed upon R70F01∩412 silencing, I expressed Kir2.1 in A27j neurons 
using R38H01-Gal4 and found that silencing A27j neurons did not significantly reduce 
rolling (Figure 2.12E). Together, these data show that reducing activity in DnB neurons 
both reduces the probability of rolling, and also the rolling speed and efficiency.  
 Since the DnB activation data suggested that DnBs promote bending and rolling 
modules of nocifensive escape, I analyzed the amount of time spent bending vs. rolling 
in R70F01∩412 animals (Figure 2.12F). I found an increase in the percent of time spent 
exhibiting bend-crawl behavior, and a significant decrease in time spent rolling. I also 
found that R70F01∩412 animals were more likely to engage in bending without rolling 
compared to control animals (49% vs. 14%) (Figure 2.12G). To exclude non-specific 
motor defects caused by DnB suppression, I examined crawling behavior while silencing 
DnB neurons with 412-Gal4 driven TNT (Sweeney et al., 1995). I found that aside from a 
modest increase in crawling speed, crawling remained intact, suggesting that DnB 
neurons play a specific role in escape motor circuitry (Figure 2.12H). 
 My previous results suggested that rolling might be coincident with a high degree 
of curvature, so next, I considered whether acquisition of the C-shape bending is 
affected using the R70F01∩412 silencing strategy. To quantify curvature along the larval 
body during nocifensive escape, we adapted a technique used to analyze curvature 
during slime mold migration (Driscoll et al., 2011; Driscoll et al., 2012). Briefly, 300 
boundary points were distributed along an outline of the larval body (Figure 2.13A). A 
curvature index (C.I.) was assigned to each boundary point (see methods), and color-
coded to represent higher C.I. values (yellow-red) and lower C.I. values (blue-green). 
We plotted the curvature indices at each boundary point over the span of a single roll 
(360˚ rotation), or attempted roll (<360° rotations) as kymographs (i.e. body curvature 
changes over time). We found that larvae with silenced DnB neurons, using 
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R70F01∩412, displayed lower curvature indices during either rolling, or attempted rolling 
events compared to non-silenced animals (Figure 2.13B-C). We plotted the curvature 
indices (C.I.) for each group as a cumulative distribution plot, and observed a shift to the 
left, towards lower C.I. values, in the R70F01∩412-silenced animals compared to the 
control (Figure 2.13D). To quantify the difference in C.I. distribution between groups, we 
defined C.I. values above the median of the control group as “High” and below the 
median as “Low.” To normalize for differences in behavior bout length, and number of 
C.I. values, we calculated the percent of boundary points per animal that fell into the Low 
or High category. We found that compared to non-silenced animals, R70F01∩412-
silenced animals had a significant increase in percent of boundary points in the low 
curvature range, and decrease in the high curvature range (Figure 2.13E-F). In 
summary, these data suggest that DnB interneurons function downstream class IV 
nociceptive sensory neurons promoting both bending and rolling to generate rapid 
efficient nocifensive escape.  
Discussion 
  
Nocifensive behavior in Drosophila larvae consists of sequential C-shaped body bending 
and rolling, followed by rapid forward crawling (Ohyama et al., 2013). Here, I use 
comprehensive behavioral analyses to characterize the role of nociceptive interneurons, 
Down-and-Backs (DnB), in generating nocifensive escape behavior. I provide functional 
and anatomical evidence that DnB neurons are downstream of class IV (cIV) sensory 
neurons. Our activation and silencing experiments suggests that there is modularity in 
the escape response, and that DnBs are primarily responsible for promoting high 
curvature body bending behavior facilitating nocifensive escape rolling. These data 
highlight a novel behavioral and circuit component of the nociceptive circuit, and 
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elucidate neural mechanisms underlying the transduction of noxious stimuli into 
coordinated escape responses. 
Nocifensive escape behavior consists of modular components 
Whereas body bending and rolling normally co-occur during naturalistic nocifensive 
responses, activation experiments suggest that circuits that underlie these behaviors are 
partially separable. Thus, DnB activity can promote rolling, but also C-shape bending 
independent of rolling. Our dose response activation data suggests that cIV activation 
triggers probabilistically in an all-or-none fashion, in short bouts, whereas DnB neurons 
and their downstream components trigger C-shape bending that transitions into 
persistent rolling. One possibility is that there is a degree of inhibition that terminates 
cIV-triggered rolling that is absent when exclusively activating the DnB microcircuit. The 
Down-and-Back downstream circuitry will be further explored in Chapter III. It is notable 
that body bending is a component of reorienting 180˚ from an inverted body position 
(self-righting), and head turning occurs in response to multiple other environmental cues, 
including food deprivation and gentle-touch (Kernan et al., 1994; Yang et al., 2000), 
raising the possibility that DnB mediated bending could be exploited by other sensory 
evoked behaviors.  
  It is not yet clear how bending might promote rolling. One possibility is that 
facilitation occurs at a circuit level such that feedback from shape changes impact 
neurons that promote rolling motor patterns. Alternatively, but not exclusively, bending 
might mechanically bias the orientation of the larva and simply allow it to “lean into” a 
roll, increasing the likelihood of rolling given the participation of appropriate additional 
motor programs. Our data provides some evidence for the latter hypothesis since we 
found that cIV animals engaging in rolling displayed more bending (i.e. smaller bend 
angles), compared to DnB animals that were bending, but not rolling. These results 
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suggest that perhaps rolling events are associated with highly curved bends. This was 
consistent with the silencing results where animals that rolled slowly or exhibited 
bending without rolling had significantly less curvature. Therefore, it seems that a certain 
degree of body bending is required for larvae to successfully engage in nocifensive 
rolling. The bendà roll sequential behavior pattern may be similar to other invertebrate 
escape behaviors, such as fly escape from a looming object, which consists of 
sequential preparatory motor modules that cumulatively contribute to an escape 
behavior (i.e. fly takeoff) (Card, 2012). The obligatory overlap of bending and rolling 
behaviors appears to contrast with hierarchical sequences in which “higher” components 
of a behavioral hierarchy suppress “lower” components (Seeds et al., 2014). The neural 
circuitry that controls sequential bending and rolling is the focus of Chapter III. 
 
Potential significance for C-shape bending during nocifensive escape  
Prior data showed that rolling is directional and is advantageous for dislodging attacking 
parasitoid wasps (Hwang et al., 2007). Efficient rolling occurs coincident with deep C-
shaped body bends, but the significance of these body bends for escape behavior had 
not been determined. In the goldfish startle response, animals perform C-bends away 
from the auditory stimulus as an initial withdrawal and then swim away, suggesting that 
C-bending might be a shared strategy for initial defensive responses. Notably, there is 
modularity in the C-bend, such that it is also triggered during feeding and prey capture 
(Korn and Faber, 2005). DnB neural circuitry appears to be critically important for 
evoking body bend behavior prior to and during nocifensive rolling. Bending may provide 
the initial, most rapid, form of withdrawal from a noxious stimulus, and may subsequently 
support rolling locomotion by orienting and focusing the energy of muscle contraction 
into lateral thrusts. Re-orientation of denticle belts, triangle-shaped extensions of the 
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cuticle that provide substrate traction during crawling, may also aid rapid lateral 
locomotion. There are genes that have been characterized in denticle belt development 
(Alexandre et al., 1999), and assessing nociceptive behavior in animals lacking denticles 
would be a way to test this hypothesis. 
 
Divergent circuits mediate nocifensive escape behavior 
 Notably, loss of activity in DnBs labeled by our intersectional strategy 
compromised rolling, but did not inhibit it altogether. Moreover, our data show that DnB 
silencing does not affect the order of the rolling bout in the nocifensive sequence, but 
reduces the number of rolls per bout, and the speed of each roll, further suggesting that 
components of the nocifensive response are still intact upon reduction of activity from 
most DnB neurons. It might be that residual DnB activity in our manipulations contributes 
to these partial responses, but also that divergent circuits mediate larval escape 
behavior. Indeed a recent study identified basin cells as second order targets of cIV 
neurons that integrate nociceptive and vibration-sensing neurons to probabilistically 
promote rolling through command-like neurons, Goro (Ohyama et al., 2015). This raises 
the possibility that bending, and rolling motor programs might be controlled by DnB and 
Goro neurons, respectively. It is possible that different aspects of rolling behavior, such 
as timing, preparation, and execution might be initially distributed to different circuit 
components. Moreover, there seems to be a divergence between thermal and 
mechanical nociception, where interneurons that have been recently implicated in 
mechanonociception appear to be dispensable for transduction of noxious heat (Hu et 
al., 2017). Further analyses will reveal whether these parallel circuits converge further 
downstream onto command-neurons, or premotor circuits. 
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 Based on our calcium imaging experiments, I expect that DnB neurons can relay 
input topographically from the periphery to the CNS, which may help to establish the 
directionality of bending and subsequent rolling. Although our experiments here have 
necessarily relied on broad activation of DnBs, future experiments might be directed at 
more localized manipulations to test this scenario.  
Methods 
Fly stocks 
(1) PB[IT.Gal4]0412 (referred to in the text as 412-Gal4; (Gohl et al., 2011)), (2) UAS-
mCD8-GFP (Lee and Luo, 1999), (3) ppk-CD4-tdTom (Han et al., 2011), (4) 
hsFLP;Sp/CyO;UAS>CD2>CD8-GFP (Basler and Struhl, 1994; Wong et al., 2002), (5) 
UAS-BRP.shortmCherry (Schmid et al., 2008) was provided by Dr. Richard Mann 
(Columbia University), (6) UAS-DenMark (Nicolai et al., 2010), (7) dTrpA1-QF 
(Bloomington Stock Center), (8) QUAS-syb-spGFP1-10 (Macpherson et al., 2015), (9) 
UAS-CD4-spGFP11(Feinberg et al., 2008; Gordon and Scott, 2009), (10) 20X-UAS-IVS-
GCaMP6m (Chen et al., 2013), (11) UAS-dTrpA1 (Hamada et al., 2008), (12) UAS-
ReaChR (Lin et al., 2013). (13) tub>Gal80>; tsh-LexA, 8X-LexAop2-FLPL/CyO-RFP-tb; 
UAS-10X-IVS-myr:GFP, and (14) tub>Gal80>; tsh-LexA, 8X-LexAop2-FLPL/CyO-RFP-
tb; UAS-dTrpA1/TM6b were a gift from Dr. Marta Zlatic (Janelia Research Campus, 
Virginia). (15) UAS-TNT BL28838 and (16) UAS-TNTi BL28840 (Sweeney et al., 1995), 
(17) tsh-Gal80 was a gift from Julie Simpson (Janelia Research Campus, Virginia), (18) 
R70F01-LexA (Jenett et al., 2012), (20) 8X-LexAop2FLPL;10X-UAS>Stop>myr:GFP, 
and (19) 8X-LexAop2FLPL;10X-UAS >Stop >Kir2.1-GFP (Shirangi et al., 2013)were a gift 
from Dr. James Truman (Janelia Research Campus, Virginia). (20) 13X-LexAop2-IVS-
TNT::HA(Karuppudurai et al., 2014), (21) R38A10-LexA (Jenett et al., 2012), (24) ppk1.9-
Gal4 (Ainsley et al., 2003), (22) w-; Sp/CyO; 13X-LexAop2-IVS-myr:GFP/ TM3,Sb,e (23) 
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cha3.3kb-Gal80 (Kitamoto, 2002) was a gift from Dr. Toshihiro Kitamoto (University of 
Iowa, Iowa), (24) PB[IT.Gal4]4051 (Gohl et al., 2011), (25) [IS.QF]0412, (26) 20X-UAS-
spGFP1-10 and (27) 13X-LexAop-spGFP11 (this study) , (28) yw; Mi{PT-
GFSTF.0}ChATMI04508-GFSTF.0 (Nagarkar-Jaiswal et al., 2015), (29) GAD-Gal80 (Sakai et 
al., 2009) , (30) [IS.LexA]0585, (31) 20XUAS-IVS-mCD8GFP (32) TRH-Gal4 
(Alekseyenko et al., 2010) , (33) R38H01-Gal4 (Jenett et al., 2012), (34)UAS-Kir2.1-eGFP 
(Baines et al., 2001) 
 
Generation of transgenes 
pQUAST-attB was generated by replacing the 5XUAS sequence from pUAST-attB (gift 
from R Voutev, Columbia University) with an Eco1CR1-EcoR1 fragment from 5XQUAS 
(Addgene-24349; (Potter et al., 2010). QUAS-syb:spGFP1-10 was created by extracting 
syb:spGFP1-10 from UAS-syb:spGFP1-10 (gift from LJ Macpherson, Columbia University) 
using EcoR1 and Xba1 and ligating into pQUAST-attB. Transgenic lines were generated 
by integration into attp2. Injections were performed by Best Gene Ltd. 
 
To generate 20X-UAS-SpGFP1-10 and 13X-LexAop-SpGFP11,  SpGFP1-10  , SpGFP11  
(Gifts from K Scott, Berkley), pJFRC7-20XUAS-IVS-mCD8::GFP (Addgene 26220) and 
pJFRC19-13XLexAop2-IVS-myr::GFP (Addgene 26224) were treated with Xhol and Xbal 
to excise myr::GFP and mCD8::GFP sequence and re-ligate with appropriate pair (i.e. 
20XUAS with SpGFP1-10 and 13XLexAop with SpGFP11). Transgenic lines were 
generated by injection into M{3xP3-RFP.attP'}ZH-51C embryos  
 for 13XLexAop-SpGFP11 and M{3xP3-RFP.attP}ZH-86Fb embryos 




Immunohistochemistry was performed essentially as described (Matthews et al., 2007). 
Third instar larvae were dissected in 1X PBS, fixed in 4% paraformaldehyde (Electron 
Microscopy Sciences) in 1X PBS for 15 minutes, rinsed three times in 1X PBS + 0.3% 
Triton X-100 (PBS-TX), and blocked for 1 hour at 4°C in normal donkey serum (Jackson 
Immunoresearch). Primary antibodies used were chicken anti-GFP (1:1000; Abcam), 
mouse anti-GFP (1:100; Sigma), rabbit anti-DsRed (1:250, Clontech), mouse anti-1D4 
anti-Fasciclin II (1:10; Developmental Studies Hybridoma Bank), rabbit anti-5HT (1:1000; 
Sigma), dvGLUT (1:10,000) (Daniels et al., 2004), rabbit anti-GABA (1:100; Sigma). 
Animals were incubated overnight in primary antibodies at 4°C, rinsed repeatedly in 
PBS-TX, and incubated overnight at 4°C in species-specific, fluorophore-conjugated 
secondary antibodies (Jackson ImmunoResearch) at 1:200 in PBS-TX. Tissue was 
mounted on poly-L-lysine coated coverslips, dehydrated in ethanol series, cleared in 
xylenes, and mounted in DPX (Fluka).  
 
For GRASP experiments (with the exception of Figure 2.5C), third instar larval brains 
were dissected in 1X PBS and fixed in fresh 4% paraformaldehyde (Electron Microscopy 
Sciences) for 15 minutes. Brains were mounted in Vectashield (Vector lab) on poly-L-
lysine coated coverslips, and imaged for native reconstituted GFP signal. 
 
Generation of clones 
Single-cell FLP-out clones were generated by providing 1 hour heat shock at 38°C in 




For behavioral analysis, flies were reared at 25˚C and tested as wandering third instar 
larvae. For each experiment, at least three trials, taken on separate days, were 
performed for each genotype. Larvae were only tested once unless otherwise noted.  
 
Thermogenetic activation 
For 412-Gal4 dTrpA1 experiments, third instar larvae were rinsed briefly in double 
distilled water and placed on a 1% agarose gel heated to 31-34˚C by a hot plate (Dri-
bath type 17600, Barnstead Thermolyne). All other dTrpA1 experiments were performed 
on 1% agarose gels with 0.6% black ink (Super Black India ink, Speedball) using a 
peltier device (CP-031, TE technology) and temperature controller (TC-36-25-RS232, TE 
technology) to heat the gel to 32.5-33.5˚C. Animals displaying 360˚ rotations were 
classified as ‘rollers’. In 412-Gal4 VNC experiments, ‘Rolling’ was counted as coincident 
C-shape bending and 360˚ rotation, ‘bend-crawl’ was counted when animals persistently 
bent as they crawled and did not perform straight forward crawling, and ‘bend-only’ 
behavior, was counted when animals remained in a curved posture without rolling or 
crawling. Trachea were used as a reference for bending and rolling categorization. 
Animal behavior was recorded using a Leica M50 camera along with LeicaAcquire or 
Leica FireCam software with QuickTime screen capture for 60 seconds for 412-Gal4 
activation, 29 seconds for 412-Gal4 VNC activation, and 30 seconds for all other 




For optogenetic experiments, I tested animals in a photostimulation arena (de Vries and 
Clandinin, 2013). Flies were raised on molasses food with or without 100mM all-trans-
retinal (ATR). Third instar larvae were rinsed briefly in double distilled water and placed 
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on a 100 x 15mm petri dish containing double distilled water blended with yeast particles 
to facilitate nocifensive behavior (S. Mauthner, personal communication). Larvae were 
recorded using DALSA Falcon 4M30 4 megapixel digital camera and CamStudio screen 
capture software with 10 seconds blue light off-10 second blue light on (23500 Lux). A 
dim red light was on for the entirety of the experiment to illuminate larvae during lights off 
periods (300 Lux). Animals displaying 360˚ rolling were counted as responders. Videos 
were quantified offline.  
 
Dose optogenetic experiments 
For dose optogenetic experiments, I tested animals on the FIM table (Risse et al., 2013) 
FIM (Frustrated total internal reflection based Imaging Method) table, Basler ACE 4 
megapixel near infrared sensitivity enhanced camera equipped with CMOSIS CMV4000 
CMOS sensor. Camera lens: LM16HC-SW (Kowa); Filter: BN880-35.5 (Visionlighttech); 
IR diodes (875nm, Conrad); Image acquisition program: Pylon camera software (Basler).  
Animals were placed on 0.8% agar surface ~2mm thick (Molecular grade, Fisher 
Scientific) with a ring of Green (525nm) LED lights (WFLS-G30X3-WHT, SuperBright 
LEDs) around 5 inches in diameter placed underneath the FIM table, above the camera 
with a standard barrel connector and LED dimmer (CPS-F2ST; LDK-8A, 
SuperBrightLEDs). Flies were raised on molasses food with 100mM all-trans-retinal 
(ATR). Third instar larvae were rinsed briefly in double distilled water and tested mostly 
3-5 animals at a time. Animals were recorded for at least 1 second before light 
stimulation, and then for at least 10 seconds following lights ON. Trials were recorded at 
different light intensities: Lowest (~45 Lux), Low (~200 Lux), Moderate (~850 Lux) and 
Highest (~1450 Lux). Videos were quantified offline with experimenter blind to the 
manipulation. Only 11 seconds of behavior were scored per trial (1s pre-stimulus, 10s 
lights ON). Behaviors quantified: Crawling, segmental waves visible; Pausing, no 
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movement straightened body; Bending, animal curved or on its side, and Rolling, 360˚ 
turns using bright trachea as a reference. Bending angles were quantified using the 
FIMTracker software (Risse et al., 2013) 
 
Global Activation Assay 
For the global activation assay, third instar R70F01∩412 larvae were placed on a 1% 
agarose 0.6% black ink gel (Super Black India ink, Speedball) heated to 40˚C by a 
peltier device (CP-031, TE technology) and temperature controller (TC-36-25-RS232, TE 
technology). Behaviors were recorded for 30 seconds using Leica M50 camera along 
with Leica FireCam and QuickTime screen capture. After experiments, animals were 
placed on microscope slide with 70% glycerol and a coverslip, and assessed for GFP 
expression under a fluorescence microscope. Behavior was quantified offline with 
experimenter blinded to genotype. Duration of the first rolling event was quantified by 
using the trachea as a reference to determine the completion of a 360˚ roll (i.e. frame 
before trachea starts to disappear as beginning of roll and frame where trachea is re-
centered as completion of rolling event).  
 
Local Heat Assay 
Local heat assay was performed as previously described (Tracey et al., 2003) with slight 
modifications. Soldering iron (SKU25337, Sinometer) was used as a noxious thermal 
probe and the temperature was set to 51.6-55.5˚C by adjusting voltage using a variac 
(3PN1010B, Staco Energy). Digital thermometer (51 II, Fluke) with thermocouple 
temperature sensor was used to measure the temperature of the thermal probe. Larvae 
were lightly touched with thermal probe at segments A4-6 for 5 seconds. Animals were 
characterized as ‘responder’ if they performed 360˚ roll within 5 seconds, and ‘non-
responder’ if they did not. Animal behavior was recorded using Leica FireCam and 
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QuickTime screen capture. Videos were quantified offline with experimenter blind to 
genotype.  
 
Crawling speed assay 
To assess crawling speed, larvae were rinsed in double distilled water and placed on a 
1% agarose gel and tested for crawling speed using the Multiworm tracker (Swierczek et 
al., 2011). Larvae were tested three at a time at 25˚C.  
 
Calcium imaging  
DnB neurons 
Calcium imaging was performed in a partially dissected larval preparation. Wandering 
third instar larvae were immersed in ice-cold hemolymph-like saline 3.1 (HL3.1) (70 mM 
NaCl, 5mM KCl, 1.5 mM CaCl2, 4 mM MgCl2, 10 mM NaHCO3, 5 mM Trehalose, 115 
mM Sucrose, and 5 mM HEPES, pH 7.2) (Feng et al., 2014). The body wall of the larva 
was cut at segment A2 or A3 to expose the central nervous system, leaving the posterior 
larval body and ventral nerves intact. Dissected larvae were then transferred to an 
imaging chamber filled with HL3.1 equilibrated to room temperature (23-25 °C). The 
CNS was covered with a strip of parafilm and gently pressed down onto a coverslip for 
immobilization during imaging. DnB neurons in the ventral nerve cord were imaged using 
a Zeiss LSM5 Live confocal microscope with a 20x/0.8 Plan-Apochromat objective 
equipped with a piezo focus drive (Physik Intrumente). Three-dimensional time-lapse 
imaging was performed with X-Y dimensions of 256 x 256 pixels, a slice thickness of 7 
µm, 8-11 Z slices (covering 49 to 63 µm), a scan speed of 31 µsec per pixel, and 8 bit 
depth. The acquisition rate of Z stack images with this setting was 4 to 5 Hz. During 
imaging, a thermal ramp was applied locally to hemisegments A5 to A7 of the dissected 
larvae using a custom-made thermal probe. The temperature of the thermal probe was 
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controlled by changing the voltage through a variac transformer (RSA-5E, Tokyo 
Rikosha). 15V was used to heat the probe and no voltage was applied during cooling. A 
t-type thermocouple probe wire (0.2mm dia., Sansho) was placed inside of the thermal 
probe to monitor the temperature of the probe. Temperature data measured by the 
thermocouple probe were acquired at 4 Hz through a USB-TC01 digitizer (National 
Instruments) and recorded using the NI Signal Express software (National Instruments). 
The acquired images and temperature data were analyzed using MATLAB (Mathworks). 
The average of the lowest 10% fluorescent intensity was used as baseline F (F0) for 
each region of interest, and percent fluorescent change from the baseline (∆F/F0) was 
calculated for each time point. Regions of interest (ROIs) were selected as circular areas 
with a diameter of 6 pixels that contain the cell bodies of the DnB neurons in the 
maximum intensity projections of the time-series images. Probe temperature for each 
image frame was estimated by a linear interpolation from the raw probe temperature 
trace, due to differences in sampling rate and timing across images and probe 
temperature.  
 
Boundary curvature and kymograph analysis 
Larval boundary curvature was determined as previously described (Driscoll et al., 2011; 
Driscoll et al., 2012) with modifications. Frames were extracted from 30 fps videos and 
thresholded. A size filter was applied to remove artifacts and debris. Artifacts closely 
associated with the animal (such as light specks or motion blurs) that would interfere 
with extraction of boundary curvature were manually removed blind to treatment by 
painting over the artifact with the background color (black). The boundary shape of the 
animal was parametrized with 300 boundary points. At each boundary point, we 
calculated the curvature by fitting a circle to that point and two points that are 10 
boundary points away from it. Curvature Index (C.I.) was defined as the reciprocal of the 
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radius of that circle. If the midpoint of the two points 10 boundary points away is outside 
the larva, the C.I. was assigned to be positive; otherwise it was assigned to be negative. 
For visualization, a color scale was generated with warm colors corresponding to 
positive C.I. (i.e. concave curvature segment) and cool colors corresponding to negative 
C.I. (i.e. convex curvature segment). Kymographs were generated by plotting curvature 
index (colored by magnitude) of 300 boundary points across time. Alignment of the 300 
points across time in kymographs was achieved by mapping points across frames to 
minimize the sum of the square distance of points between successive frames. To 
maintain the relative head and tail positions in the kymographs, I manually corrected for 
misalignment. Animals from R70F01∩412-silenced and non-silenced groups were 
selected for boundary curvature analysis if they fulfilled one of two criteria (1) completed 
rolling (360˚ turns), or (2) ‘attempted rolling’ (i.e. exhibited lateral body turns that were 
<360˚; trachea was used as a reference to assess lateral turning). Classification was 
performed blind to genotype. An identical number of animals were analyzed for each 
treatment, which for the non-silenced animals corresponded to the first 24 animals 
tested. Custom MATLAB scripts were used for curvature analyses and generation of 
kymographs.  
 
Quantification of boundary curvature 
Quantification was focused on boundary points with positive C.I. values, which reflects 
concave curvature (i.e. mainly inside C-shape bend). To further refine analyses, 
curvature indices (C.I.) taken at boundary points along the body were included, with the 
exception of the head and tail (defined to be within 25 points of the head & tail tip points) 
as their curvature reflected the animal’s shape at the tips, and not the curvature of the 
animals’ body. In order to perform statistical analyses, we had to reorganize the data 
such that each animal would have one value, as opposed to tens of thousand C.I. values 
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per trial. Therefore, we calculated percent of boundary points at low curvature 
(0<C.I.<0.027) and high curvature (C.I.>0.027) for each animal and compared between 
control and R70F01∩412-silenced animals. The C.I. cutoff for low curvature vs. high 
curvature was defined as the median of the C.I. in the control group. Multivariate 
analysis of variance (MANOVA) was performed with Bonferroni correction, for multiple 
testing, followed by post-hoc T-test to determine exact p-value. 
 
Statistical Analysis 
For categorical data analysis (i.e. responder vs. nonresponder), I utilized Fisher exact 
test or Chi square test (if expected value= >5) followed by Bonferroni correction if 
multiple testing was used. When comparing two groups of quantitative data (e.g. number 
of rolls), unpaired t-test was performed if data showed a normal distribution (determined 
using D'Agostino & Pearson omnibus normality test) and Mann-Whitney test if data 
distribution was non-normal. When comparing three or more groups, data were analyzed 
using One-way ANOVA or Kruskal-Wallis test with Dunn’s correction for multiple testing, 
followed by post-hoc T-test to determine exact p-value.  
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Figure 2.1: 412-Gal4 labels putative nociceptive interneurons, Down-and-Backs 
(DnBs) 
(A) Schematic showing the Drosophila larval CNS. Red scaffold represents class IV 
(cIV) projections. Enlarged transverse section through ventral nerve cord (VNC) is 
shown below. Color-coded regions depict modality specific locations where sensory 
axons terminate and the motor neuropil.  
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(B) 412-Gal4 drives expression in interneurons in the VNC (arrowhead) and neurons in 
the brain lobes (arrow), anti-dsRed, green.  
(C-C') Dorsal view of the morphology of DnB neuron in segment A3. Medial process is 
indicated by an arrow and lateral projection by an arrowhead. An asterisk marks the cell 
body. (C') Transverse section of neuron in C. 
Scale bars = 50 µm (B), 20µm (C); Genotypes: (B) 412-Gal4,UAS-CD4:tdTomato (C-C') 
hsFLP;Sp or CyO/+;412-Gal4/ UAS>CD2>CD8-GFP  
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Figure 2.2: Further characterization of 412-Gal4 expression pattern 
(A) Single-cell morphology of DnB neuron in segment T2 (top panels). Thoracic segment 
DnB neurons possess a longer medial process as indicated by an arrow and longer 
lateral projection indicated by an arrowhead. An asterisk marks the cell body. Top 
panels: anterior posterior view; Bottom panels: transverse section, dorsoventral view 
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(B-D') 412-Gal4, UAS-mCD8:GFP does not label cIV cell bodies or dendrites labeled by 
ppk-CD4-tdTomato (anti-GFP, green; anti-dsRed, red).  
(E) Single cell morphology of A26e neuron in 412-Gal4 expression pattern (anti-GFP) 
(F) A26e neuron labeled by 412-Gal4 (anti-GFP, green) 
(F') Boxed region from (F) centering on A26e soma (arrowhead): Overlap between A26e 
and serotonin antibody (anti-GFP, green; anti-5HT, red); (F'') 5HT; dsRed channel only 
(G) Single cell morphology of A27j neuron in 412-Gal4 expression pattern (anti-GFP) 
(H) A27j neuron labeled by 412-Gal4 (anti-GFP, green) 
(H') Boxed region from (H) centering on A27j soma (arrowhead): Overlap between A27j 
cell body and GABA staining, (anti-GFP, green; anti-GABA, red); (H'') GABA; dsRed 
channel only 
 
Scale bars= 25 µM (A), 50µM (B-D'), 20µM (E,G), 10µM (F,H) 
Genotypes: (A,E,G) hsFLP;Sp or CyO/+;412-Gal4/ UAS>CD2>CD8-GFP (B-D') 
ppk:CD4tdTomato/+; 412-Gal4, UAS-mCD8:GFP /+ (F-F'', H-H'') 412-Gal4,UAS-
CD8GFP/+ 
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Figure 2.3: DnB neurons are cholinergic interneurons 
 
 
Figure 2.3: DnB neurons are cholinergic interneurons 
(A-A') 412-Gal4 driven dendritic marker, DenMark (anti-dsRed, red) localizes to medial- 
directed projection, and medial arbors (arrow). UAS-mCD8:GFP (anti-GFP, green) is 
abundant throughout all projections. FasII labels axon fascicles. Asterisk marks the cell 
body. (A') DenMark channel alone.  
	  62 
(B-B') 412-Gal4-driven BRP.shortmCherry labels putative presynaptic sites sparsely in 
the medial domain (arrow) and strongly in the lateral domain (arrowhead; anti-dsRed, 
magenta). UAS-mCD8:GFP (anti-GFP, green) labels all processes. Asterisk labels the 
cell body. (B') BRP.shortmCherry channel alone.  
(C) DnB neuron (anti-GFP, green); (C') Boxed region: DnB cell body (arrowhead) shows 
no overlap with VGLUT (anti-VGLUT; dsRed); (C'')  VGLUT; dsRed channel only 
(D) DnB neuron (anti-GFP, green); (D') Boxed region: DnB cell body (arrowhead) shows 
no overlap with GABA (anti-VGLUT; dsRed), (D'')  GABA; dsRed channel only 
(E) mCD8:GFP driven by 412-Gal4, labeled with anti-GFP (green) (E') GAD-Gal80 does 
not reduce expression of mCD8:GFP (anti-GFP, green) in VNC 412-Gal4 neurons.  
(F) mCD8:GFP driven by 412-Gal4, labeled with anti-GFP (green) (F') Cha3.3kb-Gal80 
reduces expression of mCD8:GFP (anti-GFP, green) in VNC 412- Gal4 neurons.  
(G) tdTomato driven by 412-Gal4 labeling DnB neuron (anti-dsRed, red) (G') DnB cell 
body overlapping with ChAT-eGFP (anti-GFP, green) (top: overlap, middle: tdTomato, 
red channel only, bottom: ChAT-eGFP cell body) (G''-G''') DnB axons; left panels DnB 
axon and ChAT-eGFP puncta overlap; middle: DnB axons, tdTomato channel; right 
panels: ChAT-eGFP puncta, GFP channel only 
 
Scale bars= 20 µm (A-D, G) 50µm (E-F');  
Genotypes: A-A') UAS-DenMark/+; 412-Gal4, UAS-mCD8:GFP/+ (B –B') UAS-
BRP.shortmCherry/+;412-Gal4, UAS-mCD8:GFP/+ (C-D) 412-Gal4, UAS-mCD8:GFP/+ 
(E) 412-Gal4, UAS-mCD8:GFP/+ (E') 412-Gal4, UAS-mCD8:GFP/GAD-Gal80 (F) 412-
Gal4, UAS-mCD8:GFP/+ (F') 412-Gal4, UAS-mCD8:GFP/Cha3.3kb-Gal80 (G-G''') 412-
Gal4, UAS-mCD8:GFP/Chat-EGFP-Flash-Tev3xFlag 	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Figure 2.4: Anatomical evidence for DnB and nociceptive cIV connectivity 
Figure 2.4: Anatomical evidence for DnB and nociceptive cIV connectivity 
(A-A'') Overlap of cIV axons labeled by ppk:CD4tdTom (anti-dsRed, red), and 412-Gal4, 
UAS-mCD8:GFP (anti-GFP, green) neurons. (A) dorsal view, dotted line indicates 
transverse section represented in A'. Anti-FasII (blue) labels axon fascicles. Boxed 
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region is enlarged in (A''). A'' shows overlap of processes in single confocal section. 
Location of nociceptive terminals is outlined in the lower panel to show overlap with DnB 
dendrites. 
(B) 13xlexAop2-IVS-myr::GFP driven by 585-LexA labeling multidendritic (md) neurons  
(C) Reconstitution of GFP (mouse anti-GFP) when CD4:GFP11 was driven in md neurons 
using 585-LexA and CD4:spGFP1-10 driven by 412-Gal4. Image shows reconstituted GFP 
in pseudocolor. Arrowhead points to potentially non-synaptic GRASP signal.  
(D) Reconstitution of GFP with high expressing version of GRASP where 
13XLexAopCD4:GFP11 was driven in md neurons using 585-LexA and 
20XUASCD4:spGFP1-10 driven by 412-Gal4. Image shows native reconstituted GFP in 
pseudocolor. Arrowhead points to potentially non-synaptic GRASP signal. 
(E) Reconstitution of GFP using synapse-restricted GRASP where synaptobrevin 
tethered GFP1-10 (syb:spGFP1-10 ) was driven in cIV neurons using dTrpAQF and 
CD4:spGFP11 driven by 412-Gal4. Image shows native reconstituted GFP in 
pseudocolor.  
(F) No reconstitution of native GFP was observed with dTRPA1-QF driving QUAS- 
syb:spGFP1-10.  Image shown in pseudocolor. 
(G) No reconstitution of native GFP was observed with 412-Gal4 driving UAS- 
CD4:spGFP11. Image shown in pseudocolor. 
Scale bars: 15µm (A), 10µm (A''), 70µm (B), 30µm, (C,D), 40µm (E,F), 50µm (G) 
Genotypes: (A- A'') +/ppk-CD4-TdTom;412-Gal4, UAS-mCD8:GFP/+ (B)13xLexAop2-
IVS-myr::GFP/585-LexA (C) LexAopCD4-spGFP11/+ ;585-LexA /412-Gal4, UAS-CD4-
SpGFP1-10 (D) 13xlexAopSpGFP11/+; 20xUASGFP1-10/412-Gal4,585-LexA (E) dTrpA1-




Figure 2.5: DnB neurons are activated by noxious heat in cIV dependent manner 
 
Figure 2.5: DnB neurons are activated by noxious heat in cIV dependent manner 
(A) Representative heat maps showing Ca2+ responses in DnB cell bodies (arrowhead) 
before (~24˚C) and during (~44˚C) local noxious heat stimulation of the body wall.  
(B) Individual Ca2+ responses (thin lines) and average of all trials (bold) represented as 
∆F/F0 in DnB cell bodies (n=15). Larvae received local heat stimulation at segment A7 
using a heat probe that was increased from ~24-49˚C, then cooled to ~30˚C.  
(C) GCaMP signal binned for 25-38˚C (below noxious threshold), 39-49˚C (above 
noxious threshold), and 48-31˚C (post-stimulus cool down). 
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(D) Representative heat maps showing Ca2+ responses in DnB cell bodies at ~44˚C 
(arrowhead) with or without cIVs silenced with R38A10-LexA driving TNT.  
(E) Individual Ca2+ responses (thin lines) and average of all trials (bold) in DnB cell 
bodies during heating and cooling, Black lines represent control (n=12) and red lines 
represent cIV silenced trials (n=11).  
(F) GCaMP signal binned for 25-38˚C (below noxious threshold), 39-49˚C (above 
noxious threshold), and 48-31˚C (post-stimulus cooling) for control and cIV silenced 
trials. 
(G) Percent of Down-and-Back neurons responding to noxious stimulus. Threshold of 
activation set by peak activity in (B). n= 12 control, n=11 cIV silenced 
 
(A-C) 20X-UAS-IVS- GCaMP6m/+;412-Gal4 (D-G) (i) 20X-UAS-IVS-GCaMP6m/+;412-
Gal4 /+ (ii) 20X- UAS-IVS-GCaMP6m/R38A10-LexA;412-Gal4 /13X-LexAop2-IVS-
TNT::HA 
 
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles. P values are indicated as ***p<0.001, as determined 
by Kruskal-Wallis with Dunn’s correction for multiple testing (C, F), or Chi squared 








Figure 2.6: 412-Gal4 activation triggers nocifensive behavior downstream cIV 
neurons 
 
(A) Schematic representation of nocifensive escape behavior, which includes C-shaped 
body bending and 360˚ rolls. 
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(B) Percentage of animals exhibiting rolling behavior during dTrpA1 activation driven by 
412-Gal4.  
(C) Percentage of animals exhibiting rolling behavior with optogenetic activation of 412-
Gal4 neurons using ReaChR with and without all-trans-retinal (ATR), which is essential 
for channelrhodopsin function. 
(D) R38A10-LexA driven 13XlexAop2-IVS-myr::GFP labels cIV sensory neurons (anti-
GFP, green) and sparse labeling of brain neurons.  
(E) Larvae show reduced rolling in response to local noxious stimuli when cIV neurons 
are silenced using R38A10-LexA to drive tetanus toxin light chain (TNT).  
(F) Percentage of animals exhibiting rolling responses when 412-Gal4 neurons were 
induced by dTrpA1 with and without cIV-silencing via R38A10-LexA driven tetanus toxin 
light chain (TNT). **p=0.0056 by Chi squared test. 
 
Scale bar = 50µm (G);  
 
Genotype: (B) (i) UAS-dTrpA1/+;412-Gal4/+ (ii) UAS-dTrpA1/+ (iii) 412- Gal4/+ (C) UAS-
ReaChR/412-Gal4 (D) (i) w-; Sp or Cyo/R38A10-LexA; 13XLexAop2-IVS-myr:GFP/+ (E) 
(i) R38A10-LexA/+ (ii) R38A10- LexA/+;13XLexAop2-IVS-TNT::HA /+ (F) (i) UAS-
dTrpA1/+;412-Gal4/+ (ii) R38A10- LexA/UAS-dTrpA1;412-Gal4/13X-LexAop2-IVS-
TNT::HA  
 






Figure 2.7: Additional Gal4 line labeling DnB neurons activates rolling  
 
 
Figure 2.7: Additional Gal4 line labeling DnB neurons activates rolling  
(A-A'') Overlap between 412-Gal4 driven mCD8GFP (anti-GFP, green) and 412-QF 
driven tdTomato (anti-dsRed, red) expression patterns 
(B) Number of overlapping cells between 412-Gal4 and 412-QF 
(C) Expression pattern of 4051-Gal4 (anti-GFP, green) 
(D) Number of cells overlapping between 4051-Gal4 and 412-Gal4 
(E) Percentage of larvae rolling upon 4051-Gal4 thermogenetic activation. ***p- value < 
0.001 by Chi squared test. 
Scale bars: 50µm (A- A'', C) 
Genotypes: (A- A'') 20XUAS-mCD8GFP/+;412-Gal4 /412-Qf,QUASTdTomato (C-C''') 
UAS-mCD8GFP/+;4051-Gal4/412-Qf,QUASTdTomato/+ (E) (i) 4051-Gal4/+ (ii) UAS-
dTrpA/+;4051-Gal4/+ 
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Figure 2.8: Activation of 412-Gal4 off targets does not induce rolling 
 
Figure 2.8: Activation of 412-Gal4 off targets does not induce rolling 
(A) Expression pattern of Trh-Gal4 labeling serotonergic neurons 
(B) Expression pattern of R38H01-Gal4 labeling A27j neurons and other interneurons 
(C) Percentage of larvae rolling upon R38H01-Gal4 and Trh-Gal4 thermogenetic 
activation 
Scale bars: 50µm (A-B); Genotypes: (A) 20X-UAS-mCD8GFP/+;Trh-Gal4/412-
Qf,QUASTdTomato (B) 20X-UAS-mCD8GFP/R38H01-Gal4;412-Qf,QUASTdTomato/+ 
(C)  (i) UAS-dTrpA/+ (ii) UAS-dTrpA/+;R38H01-Gal4/+ (iii) UAS-dTrpA/+;Trh-Gal4/+ 
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Figure 2.9: DnB neurons promote both bending and rolling stages of escape 
behavior 
(A-C) Intersectional strategy to target GFP either to A) the brain and VNC, B) brain only 
or C) VNC only. Green channel shows anti-GFP labeling. 
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(D) Percent exhibiting nocifensive rolling during dTrpA1 activation of subsets of 412-
Gal4 neurons corresponding to panels A-C. 
(E) Schematic of cIV nociceptors (left) and location of VNC neurons (right) 
(F) Schematic of different motor behaviors observed in response to cIV or 412-Gal4 
VNC activation. Body bend only, B, larvae entered a curved C-shape but did not roll or 
crawl; B + 360˚ rotation, animals entered C-shape and performed 360˚ rotations, rolling; 
bend + crawling, larvae attempted to crawl while remaining in a C-shape. Red arrows 
show direction of locomotion. 
(G) Total amount of time spent in bent-body positions (B, B+360, BC) upon dTrpA1-
induced activation of cIV neurons and 412-Gal4 VNC neurons. 
(H) Percent of time upon dTrpA1 activation spent in bent-body positions with crawling 
(black) rolling (blue) or paused (bend-only, gray). 
(I) Percent of time spent during 30 second trial in bent-body positions: bend-crawl, 
rolling, or bend-only. Same data as in (D). 
(J) Plot showing length of bend-crawl bouts in seconds upon cIV or 412-Gal4 VNC 
activation. 	  
Scale bars = 50 µm (A-C) 
Genotypes: (A) +;tsh-LexA,8X-LexAopFLP; 10X-UAS-myr:GFP/412-Gal4 (B) tsh-
Gal80/+;412-Gal4, UAS-mCD8:GFP (C) tub>Gal80>;tshLexA,8X-LexAopFLP; 10X-UAS-
myr:GFP/412- Gal4 (D) (i) tsh-LexA,8X-LexAopFLP;412-Gal4/+ (ii) UAS-dTrpA1/+;412-
Gal4/+ (iii) tsh-Gal80/UAS-dTrpA1;412-Gal4/+ (iv) tub>Gal80>;tsh-LexA,8X-LexAopFLP; 
UAS- dTrpA1/412-Gal4 (G-I) (i) tsh-LexA,8X-LexAopFLP;412-Gal4/+ (ii) ppk1.9-
Gal4/+;UAS-dTrpA1/+(iii) tub>Gal80>;tsh-LexA,8X-LexAopFLP; UAS-dTrpA1/412-Gal4 




Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles. P values are indicated as  ***p<0.001, as determined 
by One-way ANOVA with Tukey’s multiple comparison’s test (G), Kruskal-Wallis with 
Dunn’s correction for multiple testing (I), Mann-Whitney (J), or Chi squared analysis with 








Figure 2.10: Dose activation of cIV vs. 412-Gal4 induces distinct motor programs 
 
Figure 2.10: Dose activation of cIV vs. 412-Gal4 induces distinct motor programs 
(A-B) Behavior ethograms upon optogenetic stimulation of 412-Gal4 or class IV neurons. 
Groups of animals expressing ReaChR in either population were subjected to different 
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optogenetic activation at different light intensities for 10s: Lowest (~45 Lux), Low (~200 
Lux), Moderate (~850 Lux) and Highest (~1450 Lux). Behavior events are color-coded: 
crawling (grey), pause (blue), bending (green), and rolling (orange) 
(A) Behaviors triggered upon optogenetic activation of Class IV neurons. Lowest, n=24; 
Low, n=26 Moderate, n=20; Highest, n=23 
(B) Behaviors triggered upon optogenetic activation of 412-Gal4 neurons. Lowest, n=22; 
Low, n=30 Moderate, n=26; Highest, n=30 
(C) Percent of larvae exhibiting crawling (grey), pausing (blue), rolling (orange) and 
bending (green) across different activation intensities 
(D) Percent of larvae exhibiting crawling (grey), pausing (blue), rolling (orange) and 
bending (green) within 1st second of activation 
(E) Bending angles observed within 1st second of activation across activation conditions 
 
Genotypes: (A) UAS-ReaChR/PPK1.9-Gal4 (B) UAS-ReaChR/+:412-Gal4/+ (C-E) (i) 
UAS-ReaChR/PPK1.9-Gal4 (ii) UAS-ReaChR/+:412-Gal4/+ 	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Figure 2.11: Virtual Screen of Rubin collection to identify DnB-labeling LexA 
drivers 
(A) Expression pattern for R70F01-LexA  
(B-B') Chart showing distribution of expression patterns using R70F01∩412 to drive 
either myr:GFP or Kir2.1-GFP. Representative images showing R70F01∩412 driving 
myr:GFP: DnB labeling (with one brain neuron) (B) and DnB neurons labeled along with  
sparse labeling of brain neurons (B').  
(C) Labeling DnB neurons using R70F01-LexA driving 8X-Aop2-FLPL, and 412-Gal4 
driving 10XUAS>Stop>Kir2.1-GFP (anti-GFP, green).  
 
Scale bars = 50µm (A-C) 
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Genotypes: (A) w-; Sp or CyO/R70F01-LexA; 13XLexAop2-IVS-myr:GFP/+ (B-B') 
R70F01-LexA/8X- LexAop2FLPL; 412-Gal4/10XUAS>Stop>myr:GFP (C) R70F01-
LexA/8X- LexAop2FLPL; 412-Gal4/UAS>Stop>Kir2.1-GFP  
 	  	  	  	  
	  78 





Figure 2.12: Silencing DnB neurons reduces rolling probability and duration 
(A) Global heat stimulus leads to rolling (top), transition period (middle), and an increase 
in forward crawling speed (escape crawl; bottom).  
(B) Number of rolls per trial. ‘Non-silenced’ animals lacked Kir2.1-GFP expression and 
‘R70F01∩412-silenced’ animals exhibited GFP expression. 
(C) Latency to initiate first roll during global heat stimulus in non-silenced and 
R70F01∩412-silenced animals. 
(D) Rolling duration of the 1st roll for animals that completed 360˚ rotations.  
(E) Silencing A27j neurons using R38H01 to drive Kir2.1 does not reduce rolling 
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(F) Percent of time animals spent engaging in bend-crawling, rolling, or bend-only 
(G) Percent of larvae exhibiting no bend, bend that leads to rolling (bendàroller), or 
bending that does not lead to rolling (bendànon-roller) 
(H) Crawling speed with 412-Gal4 driving either UAS-TNT to silence neurons or UAS- 
TNTi as a control. 
 
Genotypes: (B) (i) 8X-Aop2FLPL/+;10X-UAS>Stop>Kir2.1-GFP/+ (ii) R70F01-LexA/8X-  
Aop2FLPL; 412-Gal4/UAS>Stop>Kir2.1-GFP (C-D,F-G) R70F01-LexA/8X-Aop2FLPL; 
412-Gal4/UAS>Stop>Kir2.1-GFP (E) (i) R38H01-Gal4/+ (i) R38H01-Gal4/UAS-Kir2.1-
eGFP (H) (i) UAS-TNTi/+;412-Gal4/+ (ii) UAS-TNT/+;412-Gal4/+ 	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Figure 2.13: DnB neurons are required for robust bending curvature during rolling  
 
Figure 2.13: DnB neurons are required for robust bending curvature during rolling  
(A) Schematic of larva with curvature analysis. Program outlines boundary of larval body 
and assigns a curvature index value at each of 300 boundary points. Small curvature 
indices are assigned a cool color (blue-green) and large curvature indices are assigned 
a warm color (yellow-red). 
(B) Representative kymograph showing curvature indices (C.I.) in non-silenced animals 
during the duration of the first roll. Larval images above kymographs represent C.I. at 
each boundary point position along the outline of the entire body at time points when the 
animal acquires a low curvature (left) or high curvature shape (right; indicated in plots as 
vertical tracks). In this animal, C-bend occurs approximately between boundary points 
150 and 300. 
(C) Representative kymograph showing curvature indices in R70F01∩412-silenced 
animals. Kymograph is as represented in (B). 
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(D) Cumulative distribution of all curvature indices for non-silenced and R70F01∩412-
silenced animals 
(E) Distribution of concave curvature indices (C.I.) of all boundary points across the 
bending duration for animals that rolled (360˚ turn) and ‘attempted’ rolling (i.e. 0-360˚ 
rotations) separated into low curvature (C.I.<0.027) and high curvature (C.I.>0.027) 
values. The C.I. cutoff for low curvature vs. high curvature was defined as the median of 
the C.I. in the control group. 
(F) Percentage of boundary points that fall into the category of low curvature (C.I.<0.027) 
and high curvature (C.I.>0.027) values 
Genotypes: (B-F) R70F01-LexA/8X-Aop2FLPL; 412-Gal4/UAS>Stop>Kir2.1-GFP  
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles.  
P values are indicated as *p<0.05, **p<0.01, ***p<0.001, as tested by MANOVA with 
bonferroni correction, followed by posthoc unpaired T-test 
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Chapter III:  




Rapid and efficient escape behaviors in response to noxious sensory stimuli are 
essential for protection and survival. Yet, the neural mechanisms underlying sensory 
evoked sequential motor programs remains largely unknown. In Drosophila larvae, 
noxious stimuli trigger sequential body bending and 360˚ rolling behavior. Down-and-
Back (DnB) interneurons promote both bending and rolling modules of escape behavior, 
but the neural circuitry underlying the sequential activation of these modules remains 
unknown. This work uses electron microscopic circuit reconstruction to show that DnB 
interneurons integrate both nociceptive and mechanosensory inputs, are directly 
presynaptic to pre-motor circuits, and link indirectly to Goro rolling command-like 
neurons. DnB activation promotes activity in Goro neurons, and coincident inactivation of 
Goro neurons prevents the rolling sequence but leaves body bending motor responses 
intact. Thus, activity from nociceptors to DnB interneurons coordinates modular 






 Rapid and efficient escape behaviors in response to noxious sensory stimuli are 
essential for protection and survival. In Drosophila larvae, noxious stimuli trigger 
sequential body bending and 360˚ rolling behavior. A largely unanswered question is 
how sensory stimuli are transformed into stereotypic sequential motor outputs that allow 
animals to quickly withdraw from dangerous environments. 
 Even the simplest behavior requires exquisite coordination across different 
muscle groups and motor programs; posture and body axis need to be properly oriented, 
and motor outputs needs be initiated and terminated appropriately to allow sequence 
progression. Time-locked sequential behaviors are observed across animal phyla, and 
include grooming, mating, and ingestion. How the nervous system organizes motor 
modules into a specific sequence remains poorly understood. Two prevailing models for 
sequential behavior include: 1) response chaining (Long et al., 2010), where one action 
triggers the activation of the subsequent action in the sequence, and 2) parallel 
activation coupled with hierarchical suppression (i.e. all actions activated at once, and 
reciprocal inhibition establishes a ‘winner’) (Lashley, 1951). Recent studies have begun 
providing evidence for these models, such that motor sequencing during bird song 
supports synaptic chaining (Long et al., 2010), whereas hierarchical suppression 
underlie the larval startle sequence (hunch-bend), and fly grooming (Jovanic et al., 2016; 
Seeds et al., 2014). Yet, the noxious bend-roll sequence is not explained by these 
models. C-shape bending might be a feature of non-noxious behaviors (self-righting), 
and can be activated independently of rolling (Chapter II), arguing against a response 
chain model. Moreover, the bend both precedes, and co-occurs with rolling, such that 
the sequence cannot be completely explained by a model of reciprocal inhibition.  
 One powerful tool for revealing novel circuit dynamics underlying behavior is the 
use of (EM) reconstruction to generate neural connectivity maps (Takemura, 2015; 
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White et al., 1986). The Cardona group (Helmstaedter et al., 2011; Schneider-Mizell et 
al., 2016) has generated serial section transmission electron microscopy (ssTEM) 
datasets for both the brain hemisphere and ventral nerve cord (VNC) of the 1st instar 
larva (4840 sections in total). There 1st instar (L1) larval CNS, was chosen because at 
this stage the CNS contains a similar amount of neurons and synaptic connections as 3rd 
instar in a more compact region. Collaborative circuit mapping across multiple research 
labs allows neural circuits in the larva to be described in detail, down to the number of 
synapses made between identified cell types. Once synaptic partners are mapped, 
individual microcircuits can be manipulated and imaged using the vastly diverse 
Drosophila genetic toolkit. EM circuit reconstruction using this dataset has already 
generated novel insights into the inhibitory circuits controlling crawling, behavior choice 
and sequence progression (Zwart et al., 2016 2016, Jovanic, 2016), as well circuit 
dynamics underlying feeding and nociception (Ohyama et al.; Schlegel et al., 2016). One 
study identified circuit elements downstream of class IV (cIV) nociceptive neurons, 
including Basin and Goro neurons, that integrate vibration and noxious stimuli (Ohyama 
et al., 2015). Basin cells receive multiple sensory inputs in distinct regions of the arbor, 
and impinge on the command-like rolling Goro interneurons (Jovanic et al., 2016; 
Ohyama et al., 2015) (Jovanic et al., 2016). Although previous EM circuit reconstruction 
suggests complexity in transduction and integration of inputs leading to nociceptive 
behavior, how microcircuits promote and coordinate the rapid induction of sequential 
stages of nociceptive behavior remains unknown. 
 In Chapter II, I provided evidence that Down-and-Back (DnB) interneurons 
receive direct input from cIV nociceptive neurons, and promote both bending and rolling 
modules of nocifensive escape (C-bendàrollàescape crawl). Upon DnB activation, 
animals display persistent bending which can transition into continuous rolling, 
depending on the degree of DnB activation. I provided anatomical evidence for a direct 
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connection between cIV and DnBs, but these techniques lack the synaptic resolution 
required to definitively identify synaptic partners. These findings prompt interesting 
questions about the neural circuitry underlying DnB-mediated bending and rolling.  
For instance, whether there might be separate bending and rolling motor pathways that 
are coordinated to facilitate escape behavior. 
 Here, we integrate functional, behavioral, and EM circuit reconstruction 
approaches to provide a comprehensive view of nociceptive circuit function, particularly 
the generation of sequential motor outputs during escape behavior. EM reconstruction 
revealed that DnBs receive almost exclusive sensory inputs, integrating from both 
nociceptive and gentle-touch sensory neurons. Downstream circuit reconstruction 
uncovered major DnB input to premotor neurons, and indirect input to Goro rolling 
command-like neurons. We find that DnBs promote the activity of Goro neurons, and 
that DnB-induced rolling, but not body bending, is dependent on Goro activity. Thus, 
studies of DnB neurons reveal an essential node in the nociceptive circuit that 
coordinates modules of nocifensive behavior to enable rapid escape locomotion. 
Results 
DnB neurons receive synaptic input from nociceptive and mechanosensory 
neurons 
 To identify circuit elements upstream and downstream of Down-and-Back 
neurons, I collaborated with Albert Cardona’s lab (Janelia Research Campus), and 
utilized an electron microscopic (EM) volume of an entire 1st instar larval CNS (Ohyama 
et al., 2015) to reconstruct DnB connections (Schneider-Mizell et al., 2016) (Figure 3.1). 
The neural circuit reconstruction software, CATMAID (Saalfeld et al., 2009), is available 
remotely, allowing a consortium of labs to participate in reconstruction simultaneously. 
DnB neurons were previously reconstructed as part of an effort to identify all of the 
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connection downstream cIV neurons (Ohyama et al., 2015). Given the collaborative 
nature of reconstruction, most circuits are at least partially reconstructed; therefore, I 
focused on completing the DnB connectome, and reviewing previous reconstructions. 
 We reconstructed bilaterally symmetric DnB neurons in segment A1 (Figure 
3.2A). In addition to inputs from cIV neurons (45.5%, cumulative input to DnB A1), we 
identified input from cIII neurons (15% cumulative input) and minor input from class II 
(cII) and external sensory (es) neurons (4%, 3%, respectively) (Figure 3.2B-D). DnB 
neurons receive class II and es input from A1 segments exclusively, whereas cIII input is 
also received from thoracic segment T3, and cIV input from T3 and A2 (both ipsi-and 
contralateral segments). The axons of cIII and cIV provide input onto DnB dendrites 
(Figure 3.3A-B). However, the input from cII neurons came entirely from their short 
collateral axon branches (Grueber et al., 2007) onto the lateral-most DnB axons (Figure 
3.3A,C), suggesting presynaptic modulation. Es cells provide input to both DnB dendrite, 
and postsynaptic sites on DnB axons (Figure 3.3A,C). Inputs to DnB neurons were 
primarily, but not exclusively sensory, with the sole non-sensory input provided by the 
putative local inhibitory handle-A neurons (Jovanic et al., 2016)(Figure 3.2B). DnB 
neurons receive the majority of cIV neuron synapses in 1st instar larvae (18%), 
consistent with an essential role in nociceptive behavior. Together these results indicate 
that DnB neurons serve as a hub for multisensory integration. 
EM reconstruction reveals direct connections to premotor neurons and 
nociceptive integrators 
 
 To gain insights into circuit mechanisms of nociceptive motor behaviors, we 
performed EM reconstruction of downstream partners of DnB neurons. We identified the 
complete set of neurons that receive DnB synaptic input. The neurons with the highest 
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numerical connection with DnB neurons (>3 synapses on each A1 segment; Figure 
3.4B), or the ‘top hits,’ could be broadly divided into two groups: premotor neurons, and 
‘nociceptive integrators’. Premotor neurons are upstream motor neurons, and 
nociceptive integrators are interneurons that receive input from multiple types of 
nociceptive neurons. Notably, DnB output synapses to these different groups of 
downstream neurons are anatomically segregated (Figure 3.4A,D). Based on the 
localization of presynaptic and postsynaptic markers, DnB medial processes were 
characterized as dendrites, and lateral projections as axons (Chapter II). Nociceptive 
integrator circuit components receive input from DnB presynaptic sites located on the 
DnB dendrite. By contrast, premotor neurons receive synaptic inputs from DnB axons. 
Neurites with dual input/output function have been previously observed in EM 
reconstructed neurons (Schneider-Mizell et al., 2016) 
 One major group of DnB downstream targets neurons receives nociceptive 
information from several different second-order nociceptive interneurons, and thus 
appear to function as nociceptive integrators. This group includes three neuron types: 
A10f-like, A09e, and TePn05; Figure 3.5A-C). A10f-like projects its axon to the brain, 
and integrates input from DnBs, along with additional nociceptive interneurons— Basins, 
and Goro neurons (Figure 3.5A). A09e in segments A4 and A5 extend a short ipsilateral 
projection, and an ascending contralateral projection, terminating around T1, that 
receives multi-segmental input from DnBs, cIII and cIV sensory neurons (3.5B-C). 
TePn05 makes ascending projections along the nerve cord that are postsynaptic to 
DnBs and cIV sensory neurons, and that are presynaptic to Basin-2, 4 nociceptive 
interneurons (Figure 3.5D) (Ohyama et al., 2015). TePn05 thus provides a path for 
communication between DnB and Basin circuits, which have been previously implicated 
in rolling behavior (Ohyama et al., 2015). Interestingly, all of the nociceptive integrators 
possess ascending projections with output sites that terminate in the SEZ or the brain 
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lobes, suggesting processing by higher order brain regions, and potential integration with 
chemosensory or memory centers.  
  The majority of top downstream hits (68%) are between DnBs and premotor 
neurons (synapsing directly onto motor neurons; exception A07c4) (Figure 3.4B,E; 
Figure 3.5E-N), providing a potential route to drive escape behavior, particularly the 
robust C-shape bending. DnBs form the most synapses with segmentally repeating 
premotor neurons A27k, A01d-3, A02g and A02e (6-18 synapses/hemisegment) (Figure 
3.4D-E; Figure 3.5E,M,I,K). With one exception, synapses are made on the ipsilateral 
side of the nerve cord, which implies that DnB neurons might help coordinate muscle 
activity within individual segments. (Figure 3.4E). A01d-3 interneurons receive input from 
contralateral DnB neurons, and project to interneurons in contralateral posterior 
segments. DnB neurons also make direct connections with 412-Gal4 off-target A27j, and 
are two synapses away from A26e (downstream A27k neurons) (Figure 3.4E). Some 
premotor neurons downstream of DnB have been implicated in the duration and 
propagation of segmental waves during larval forward locomotion, including A02g and 
A02e (part of PMSI inhibitory interneurons)(Kohsaka et al., 2014), and A27k (Fushiki et 
al., 2016; Zwart et al., 2016). DnBs also make modest connections with motor neurons 
innervating muscle LT1 (Zwart et al., 2016)(Figure 3.5E; Figure 3.5L). The strong input 
of DnB to multiple premotor neurons could enable the rapid motor responses during 
nociceptive escape behavior.  
DnB presynaptic sites accumulate dense core vesicles  
 I noted in EM sections that in addition to small clear vesicles characteristic of 
acetylcholine release, large dense core vesicles accumulate at many DnB presynaptic 
sites (both on dendrites and axons), which is indicative of aminergic or peptidergic 
signaling (Zhu et al., 1986) (Figure 3.6A). In line with previous descriptions (Park et al., 
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2014; Zhu et al., 1986), I observed dense core vesicles as large dark spheres located 
further away from the presynaptic T-bar than small clear vesicles.  Thus, in addition to 
affecting nociceptive circuitry by direct synaptic connections, DnB neurons may 
modulate circuitry through neuropeptidergic or aminergic signaling. Consistent with this 
possibility, I found that PreproANF fused with emerald GFP, which accumulates at 
peptidergic output sites (Rao et al., 2001), overlaps with DnB axons, suggesting that 
DnBs posses the machinery to package and release neuropeptides (Figure 3.6B). 
However, I did not observe co-localization between neuropeptide specific synaptotagmin 
(SYT)-α and β (labeled with antibodies against SYT isoforms) and DnB neurons (Figure 
3.6C-D). SYT-α and β isoforms label a large subset of peptidergic neurons, but not all 
(Park et al., 2014). SYT-α and β isoforms largely overlap with DIMMED, transcription 
factor regulating expression of genes involved in peptidergic release machinery, which 
labels ~90% of peptidegic neurons in larvae (Hewes et al., 2003). Taken together, these 
data suggest that DnB neurons are potentially modulating downstream circuits via 
aminergic or peptidergic signaling. 
DnB neurons activate the rolling pathway via Goro command-like interneurons 
 EM reconstruction revealed that Down-and-Back neurons had the highest 
number of synapses with premotor neurons. I was not able to identify reagents to 
selectively manipulate downstream pre-motor neurons; however, A02e and A02g belong 
to the period-positive median segmental interneuron group (PMSIs) (Kohsaka et al., 
2014), which include A02a-j neurons (Kohsaka et al., 2016). Silencing PMSI neurons 
with period-Gal4 (Figure 3.7A) significantly reduced the number of rolls per trial on the 
global activation assay without significantly affecting the time spent rolling (Figure 3.7B-
C). I observed a slight increase in bend only behavior and modest shift towards bending 
without rolling (Figure 3.7C-D). Notably, animals did retain some degree of rolling. 
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Although these manipulations are not specific to A02e and A02g neurons, they are 
consistent with premotor neurons downstream DnBs playing a role in nocifensive 
behavior.  
 The direct pathways from DnB neurons to nociceptive integrators (Figure 3.4C) 
provide a possible functional link with Goro neurons, command-like neurons for rolling. 
Goros receive indirect input from Basin nociceptive interneurons to promote rolling 
behavior (Ohyama et al., 2015). We first asked whether DnBs are functionally connected 
to Goro rolling command-like neurons. In collaboration with Tomoko Ohyama in the lab 
of Marta Zlatic (Janelia Research Campus), we activated DnB neurons using a red-
shifted channelrhodopsin, Chrimson (Klapoetke et al., 2014), and monitored calcium 
responses in Goro using GCaMP6s (Figure 3.8A). We targeted Chrimson activation to 
the entire 412-Gal4 CNS pattern using 630nm LED or to 1-2 segments (A4-A6) of DnB 
neurons in the nerve cord, using a phaser module (3i INC) to target the multiphoton 
laser. Both whole CNS and DnB targeted activation generated calcium increases in Goro 
axons (Figures 3.8B and 3.8D). Activating 412-Gal4 brain neurons, which do not include 
DnBs, did not alter Goro responses (Figure 3.8C). These results support a functional link 
between DnB neurons and Goro rolling command-like neurons. 
 EM reconstruction identified multiple pathways between DnB and Goro (Figure 
3.9), through A09e and TePn05 neurons. Goro is a projection neuron located in segment 
T2 that spans the entire nerve cord, gathering input from various segments (Ohyama et 
al., 2015). Thus, Goro is poised to modulate its neural activity based on the valence and 
strength of input received along the nerve cord. DnB neurons target segmentally 
repeating interneurons presynaptic to Goro (Figure 3.9A-B). The DnB-A09e pathway 
(Figure 3.9B) consists of a connection between DnB and A09e neurons, which receive 
bilateral input from DnBs in multiple segments. A09e connects with Goro via A02o 
‘Wave’ and A05q neurons. The DnB-TePn05 pathway (Figure 3.9B) consists of a 
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connection between DnBs and TePn05, which synapses with both Basin-2,4, and Basin-
3 populations. Basins make extensive connections with A23g, and A05q, which synapse 
onto Goro (both directly and indirectly through Wave) (Ohyama et al., 2015).  A05q links 
to Goro have been functionally validated (Ohyama et al., 2015). We note that since the 
EM reconstruction of the larval nerve cord is still incomplete, we are underreporting the 
number of synapses segmentally repeating neurons are contributing to projection 
neurons such as TePn05 and Goro. Taken together, these data indicate that A09e and 
TePn05 networks may underlie DnB-Goro communication.  
 The EM circuit reconstruction suggests that DnB activity might coordinate swift 
C-body bending through premotor networks, and rolling through Goro downstream 
circuitry to produce effective escape behavior. To test this hypothesis, we activated 
DnBs while selectively silencing Goro activity (412-Gal4+Goro-) using 16E11-LexA 
(Ohyama et al., 2015) (Figure 3.10A-B). As expected, control animals (412-Gal4+) 
showed nociceptive behavior consisting of C-shaped bending and rolling (61% 
bendàroll, 39% bendàno roll)(Figure 3.9C). By contrast, 412-Gal4+Goro- larvae showed 
bending behavior without rolling upon thermogenetic activation (12% bendàroll, 88% 
bendàno roll) (Figure 3.10C). Correspondingly, we observed a significant decrease in 
total number of rolls exhibited by 412-Gal4+Goro- larvae (Figure 3.10D). These data 
suggest that C-shape body bending and rolling are modular motor behaviors that are 




 The nocifensive escape sequence consists of rapid acquisition of C-shape body 
curvature, essential for subsequent 360˚ rolling escape behavior. Relatively little is 
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known about the circuit basis for the rapid lateral locomotion phase that underlies 
nociceptive escape behavior. Here, we use electron microscopic (EM) reconstruction to 
identify upstream and downstream DnB partners in order to determine how DnB activity 
promotes sequential bending and rolling. We find that DnB neurons are dually 
innervated by nociceptive and mechanosensory neurons, providing potential modulation 
of nociceptive outputs by mechanosensory neurons. The connectivity data also revealed 
that DnB neurons target two motor pathways: 1) direct connections to premotor neurons, 
which could account for swift formation of C-shape bend, and 2) indirect connections to 
Goro command-like neurons. Our functional imaging results supported an indirect 
connection between DnB and Goro. Furthermore, silencing Goro activity while activating 
DnB neurons selectively inhibits rolling, while leaving bending intact. Together, these 
data support DnB neurons as an essential functional node in the nociceptive circuit, 
potentially converging multisensory input to drive the bending and rolling modular motor 
pathways underlying escape behavior.   
Down-and-backs provide a node for gentle-touch and nociceptive integration 
 We found that DnB neurons are direct targets of nociceptive cIV neurons and 
multiple mechanosensory cell types, including cII and cIII gentle touch da neurons and 
es neurons. Thus, DnBs provide a node for multisensory integration of tactile and 
noxious stimuli. Furthermore, these sensory inputs are spatially segregated on the DnB 
arbor, with cII neurons forming synapses via axonal collaterals to postsynaptic sites on 
the DnB axon. Thus, cII, and to some extent es input, may modulate DnB presynaptic 
activity as opposed to contributing to dendritic integration. Based on these studies 
nociceptive inputs appear to be integrated with multiple mechanosensory submodalities 
by Basin and DnB interneurons. The potential implications of gentle-touch and 
nociceptive integration will be discussed in Chapter IV. Notably, DnBs received the most 
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input from nociceptive sensory neurons (45.5%). cIV neurons provide ipsi- and 
contralateral input from neighboring segments to A1 DnB neurons. This might ensure 
activation of multiple DnB neurons upon local noxious insult, increasing the likelihood of 
an escape response. An interesting feature of DnB neurons is that they receive sensory 
input almost exclusively, with the exception of the putative inhibitory neuron, Handle-A. 
Given the important role DnBs play in coordinating bending and rolling motor outputs, 
inhibition at this early point in the circuit might serve as a way to rapidly terminate 
bending and rolling in order to progress through the remaining nociceptive sequence (i.e. 
escape crawl). Lack of Handle-A inhibition might explain the continuous rolling observed 
during DnB activation with 412-Gal4 that is not observed upon cIV activation (Chapter 
II). Identifying tools to silence Handle-A are essential for testing this hypothesis, and 
identifying mechanisms for nociceptive escape sequence progression. 
 
Down-and-Back neurons target divergent motor pathways  
 EM reconstruction of DnB targets identified divergent major downstream circuitry. 
Output synapses on DnB axons converge on premotor neurons, at least some of which 
promote peristaltic wave propagation during locomotion (Fushiki et al., 2016; Kohsaka et 
al., 2014). Another prominent downstream network receives input from presynaptic sites 
on the DnB dendrite, and leads to Goro rolling command-like neurons (Ohyama et al., 
2015). The spatial segregation of DnB output sites appears to mirror a functional 
segregation of downstream circuitry into bending and rolling modules. It is still unclear 
what muscle groups are recruited and how segments coordinate during body bending 
and rolling. Although silencing DnB neurons slightly increased the speed of forward 
locomotion, overall, forward crawling remained intact. Given that peristaltic waves and 
bending 
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neurons for dual control of C-shape bending behavior and crawling. DnB neurons 
provide an opportunity to study how the same premotor circuit can be used to achieve 
both forward and lateral locomotion patterns. Selectively silencing premotor neurons 
during rolling escape behavior would reveal whether A02g/e and A27k also regulate 
speed and propagation of lateral locomotion. I provide some evidence that silencing the 
PMSI cohort, which includes A02g and A02e, reduces rolling behavior. PMSIs are 
glutamatergic inhibitory premotor neurons that terminate motor neuron bursting to 
regulate the timing of segmental wave propagation during crawling (Kohsaka et al., 
2016; Kohsaka et al., 2014). Silencing the PMSI neurons reduced the number or rolls, 
but did not eliminate it altogether or significantly affect the amount of time spent rolling, 
suggesting that PMSI neurons might selectively impair some components of rolling, but 
leave others intact. Identifying tools with which to manipulate premotor neurons will be 
important for determining how they facilitate bending and rolling motor patterns. Notably, 
DnB neurons target motor neurons innervating LT1 muscles, which have been 
implicated in larval self-righting behaviors (Picao-Osorio et al., 2015). Self-righting 
consists of a C-shape-like body bend, and 180˚ turn, so it is possible that LT1 muscles 
facilitate curved body bends that underlie both self-righting and rolling behavior. 
Understanding the coordination of premotor circuits that promote bending downstream of 
DnB neurons, and the muscle activities and physical mechanisms that underlie rolling 
behavior are important future aims. 
Down-and-Back neurons provide a potential avenue for peptidergic/aminergic 
modulation of nociception 
 We note that the impact of DnB neurons on nociceptive circuits is likely to be 
broader than indicated by synaptic connections, since EM sections indicate that DnB 
neurons accumulate dense core vesicles on presynaptic sites in both dendrites and 
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axons. Our prepro:ANF labeling suggested that DnB neurons posses the machinery to 
process neuropeptides, yet we did not find overlap with peptidergic-specific 
synaptotagmin (Park et al., 2014). These results suggest either that DnB neurons are 
aminergic, or that they produce a neuropeptide whose expression does not overlap with 
synaptotagmin (SYT)-α and β (Park et al., 2014). It is unclear what percentage of 
peptidergic neurons overlap with SYT isoforms. There is a high degree of overlap with 
DIMMED (transcription factor involved in peptidergic processing), which overlaps with 
90% of peptidergic neurons, so DnB could express a neuropeptide that has been 
uncharacterized, or that does not overlap with DIMMED/SYT (e.g. proctolin or 
tackykinin) (Hewes et al., 2003). There is evidence that nociceptive circuitry in larvae is 
subject to peptidergic control (Hu et al., 2017). Two insulin-like peptide 7-expressing 
neurons (ilp7) signal to mechanosensory class II, class III and nociceptive class IV 
neurons through sNPF to modulate mechanical nociception. However, ilp7, cII, and cIII 
neurons are not involved in thermal nociception (Hu et al., 2017), so the extent of 
peptidergic modulation on nociceptive circuitry requires further investigation. 
Identification of the putative neuropeptide expressed by DnB neurons, and physiological 
effects, will be an important future direction, particularly given the important role of 
neuropeptides in vertebrate pain pathways. (Faris et al., 1983; Mantyh et al., 1997; 
Ribeiro-da-Silva and De Koninck, 2008; Sun et al., 2004) and their potential for 
therapeutic targets (Inui, 2003). 
Modular control of nociceptive escape behavior via Down-and-Back neurons 
 We previously showed, that when DnB neurons were ectopically activated, we 
observed C-shaped body bending that was often, but not always, associated with rolling 
(Chapter II). These observations provided initial evidence that C-shaped bending is 
separable from rolling, and that C-bending could be combined with other behaviors, like 
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pausing or crawling. Our loss of function data supported bending as a primary motor 
output of DnB activity, with probabilistic activation of rolling motor programs. The 
concurrent reduction in bending and rolling upon DnB silencing could be explained by 
two, non mutually exclusive, possibilities, 1) these behaviors could conceivably be 
linked, such that reduction in bending compromises rolling ability, or, 2) could arise from 
parallel influence of DnB activity on bending and rolling. Consistent with the former 
possibility, our previous data (Chapter II) provides some evidence that a certain amount 
of curvature might be required to facilitate rolling behavior. Here, we also provide 
evidence for DnB activation of both bending and rolling motor pathways. We found that 
silencing rolling command neurons Goro while activating DnB neurons promoted 
persistent bending without rolling. These results indicate that C-bending itself is not 
sufficient to induce rolling, and the bend-roll sequence must be tightly regulated by 
interactions between the parallel bend-roll premotor circuits, such that bending occurs 
first to facilitate rolling, which occurs second. Since the majority of DnB output is 
targeting premotor neurons, this might explain why weakly activating DnB neurons 
(Chapter II) might selectively induce bending over rolling. Such independent, but 
sequentially regulated behavioral modules are consistent with hierarchical models of 
sequence generation as in fly grooming (Seeds et al., 2014), human speech (Lashley, 
1951), roll-crawl sequence (Ohyama et al., 2013), and hunch-bend sequence (Jovanic et 
al., 2016). We note however, that although bending and rolling are sequential, they co-
occur for much of the defensive behavior sequence, in contrast to such sequential and 
non-overlapping behavioral sequences. Elucidating the mechanisms of timing and 
interaction between the different circuit modules (bend vs roll) identified therefore 
promises to shed light on the general mechanisms of circuit implementation of sequence 





(1) PB[IT.Gal4]0412 (referred to in the text as 412-Gal4; (Gohl et al., 2011)), (2) UAS-
mCD8-GFP (Lee and Luo, 1999), 13X-LexAop2-IVS-myr:GFP/ TM3,Sb,e (3) 
Sp/CyO;nompC-LexA, 10X-LexAop2-myr-GFP/TM6B (Shearin et al., 2013), (4) R16E11-
LexA (5) R69E06-LexA, (Jenett et al., 2012), (6) LexAop-Kir2.1 (Feng et al., 2014) was a 
gift drom Dr. Barry Dickson (Janelia Research Campus, Virginia), (7) 20xUAS-
CsChrimson-mCherry (Jovanic et al., 2016), (8) 13xLexAop2-IVS-GCaMP6s (Chen et 
al., 2013), (9) preproANF:EMD (Rao et al., 2001), (10) UAS-TdTomato, (11) Per-Gal4 
(Kaneko and Hall, 2000) 
 
Immunohistochemistry 
Immunohistochemistry was performed essentially as described (Matthews et al., 2007). 
Third instar larvae were dissected in 1X PBS, fixed in 4% paraformaldehyde (Electron 
Microscopy Sciences) in 1X PBS for 15 minutes, rinsed three times in 1X PBS + 0.3% 
Triton X-100 (PBS-TX), and blocked for 1 hour at 4°C in normal donkey serum (Jackson 
Immunoresearch). Primary antibodies used were chicken anti-GFP (1:1000; Abcam), 
rabbit anti-DsRed (1:250, Clontech), rabbit anti-SYT-α and anti-SYT-β (1:500, gift from 
T. Littleton, MIT) (Adolfsen et al., 2004). Animals were incubated overnight in primary 
antibodies at 4°C, rinsed repeatedly in PBS-TX, and incubated overnight at 4°C in 
species-specific, fluorophore-conjugated secondary antibodies (Jackson 
ImmunoResearch) at 1:200 in PBS-TX. Tissue was mounted on poly-L-lysine coated 





For behavioral analysis, flies were reared at 25˚C and tested as wandering third instar 
larvae. For each experiment, at least three trials, taken on separate days, were 
performed for each genotype. Larvae were only tested once.  
 
Thermogenetic activation 
dTrpA1 experiments were performed on 1% agarose gels with 0.6% black ink (Super 
Black India ink, Speedball) using a peltier device (CP-031, TE technology) and 
temperature controller (TC-36-25-RS232, TE technology) to heat the gel to ~32.5˚C. 
Animals displaying coincident C-shape bending and 360˚ rotations were classified as ‘ 
BendàRoller’. ‘BendàNo Roller’ was counted when animals remained in a curved 
posture while crawling or pausing. Trachea were used as a reference for bending and 
rolling categorization. Animal behavior was recorded using a Leica M50 camera along 
with Leica FireCam software and QuickTime screen capture for 30 seconds. Videos 
were quantified offline with experimenter blind to condition.  
 
Global Activation Assay 
For the global activation assay, third instar larvae were placed on a 1% agarose 0.6% 
black ink gel (Super Black India ink, Speedball) heated to 40˚C by a peltier device (CP-
031, TE technology) and temperature controller (TC-36-25-RS232, TE technology). 
Behaviors were recorded for 30 seconds using Leica M50 camera along with Leica 
FireCam and QuickTime screen capture. Behavior was quantified offline with 
experimenter blinded to genotype. Rolling events (360˚ turns) were quantified using the 




Calcium imaging  
Goro neurons 
For activation of presynaptic neurons (Down-and-Back) with CsChrimson and imaging in 
postsynaptic neurons (Goro), the central nervous system of wandering third instar larvae 
were dissected out in cold physiological saline, Baines solution (Baines et al., 2001) 
containing (in mM) 103 NaCl, 5 KCl, 5 HEPES, 26 NaHCO3, 1 NaH2PO4, 5 Trehalose, 6 
Sucrose, 2 CaCl2 2H2O, 8 MgCl2 6H2O, and kept stable by sticking CNS on poly-L-lysine 
(SIGMA, P1524) coated cover glass placed in small Sylgard (Dow Corning) plates. 620 
nm LED (Mightex Systems Inc.) was used for whole CNS CsChrimson activation and 
1040 nm laser using Phaser module (Intelligent Imaging Innovations, Inc.) for localized 
CsChrimson activation. We imaged the axon of Goro neurons. Image data were 
processed by ImageJ software (NIH) and analyzed using custom code written in 
MATLAB (Mathworks). Regions of interest (ROIs) were determined by averaging the 10 
frames before stimulation and segmenting this data by the function MEAN83 in ImageJ. 
The mean intensity of ROI was measured by ImageJ. In all cases, changes in 
fluorescence were calculated relative to baseline fluorescence levels (F0) as determined 
by averaging over a period of at least 3 seconds just before CsChrimson activation. 
ΔF/F0 values were calculated as ΔF/F0 = (Ft –F0) / F0, where Ft is calculated by 
subtracting the background fluorescence from the fluorescence mean value of a ROI in a 
given frame.  
 
EM Reconstruction of DnB Circuits 
EM reconstruction was performed using CATMAID as previously described (Ohyama et 
al., 2015; Schneider-Mizell et al., 2016). A09l (DnB) neurons in A1 were identified during 
circuit reconstruction downstream class IV sensory neurons (Ohyama et al., 2015), and 
were verified as 412-Gal4 labeled neurons based on morphology and cell body position. 
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When comparing two groups of quantitative data (e.g. number of rolls), unpaired t-test 
was performed if data showed a normal distribution (determined using D'Agostino & 
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Figure 3.1: Reconstructing neural circuits using electron microscopy 
 
Figure 3.1: Reconstructing neural circuits using electron microscopy 































Figure 3.2: Connectome of sensory and interneuron inputs to DnB neurons 
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Figure 3.2: Connectome of sensory and interneuron inputs to DnB neurons 
 
(A) First instar larva brain with bilateral reconstruction of DnB neuron morphology in 
segment A1. Cyan and red dots indicate input and output synapses, respectively. Top, 
dorsal view; bottom, transverse view. 
(B) Connectome of input synapse onto DnB neurons in right and left A1 hemisegments. 
Numbers of synaptic connections between segment A1 neurons in top row and DnB 
neurons are shown. Width of arrow corresponds to degree of synaptic connectivity. 
Circles represent individual neurons, and hexagons represent groups of neurons. 
(C) Percent of input provided to total postsynaptic sites on right and left A1 DnB as a 
function of cell class (not restricted to segment A1). cIV nociceptors provide dominant 
input to DnBs. 
(D) Electron micrographs of DnB-cIV and DnB-cIII synapses.  
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Figure 3.3: DnB neurons received polarized input from sensory neurons 
 
 
Figure 3.3: DnB neurons receive polarized input from sensory neurons 
(A) Connectome of sensory input onto DnB axon vs. dendrite in right and left A1 
hemisegments. Numbers of synaptic connections between sensory neurons in top row 
and DnB neurons are shown. Width of arrow corresponds to degree of synaptic 
connectivity. Circles and hexagons represent individual neurons, and groups of neurons, 
respectively.  
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(B) Reconstruction of DnB neurons synapsing with cIII (blue) and cIV (red) axons. 
Arrowheads indicate region of synaptic connections between DnB dendrites and cIII, cIV 
axons. Presynaptic sites in red, postsynaptic sites in cyan. 
(C) Reconstruction of DnB neurons synapsing with cII (blue) and es (light blue) axons. 
Arrowheads point to connectivity between postsynaptic sites on DnB axon and cII, es 
axons. Presynaptic sites in red, postsynaptic sites in cyan.
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Figure 3.4: DnB neurons target premotor and nociceptive outputs 
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Figure 3.4: DnB neurons target premotor and nociceptive outputs 
 
 
(A) First instar larval CNS showing reconstruction of DnB neurons (green), and 
nociceptive integrating interneurons (purple). Output synapses are indicated in red and 
input synapses in cyan. Nociceptive interneurons primarily receive input from output 
sites on DnB dendrites.  
(B) Percent of top hits’ (>3 synapses) output from right (DnB a1r) and left (DnB a1l) A1 
DnB neurons as a function of cell type. Premotor circuits and nociceptive integrators are 
dominant outputs of DnB neurons.  
(C) Identities of nociceptive integrating targets for right and left DnB neurons in A1. 
Numbers of synapses reconstructed are indicated. Width of arrow corresponds to 
degree of synaptic connectivity. 
(D) First instar larval CNS showing reconstruction of DnB neurons (green), premotor 
(purple), and motor targets (yellow). Premotor neuron output synapses (red dots) located 
primarily in motor domain (arrowhead). 
(E) Identities of premotor targets for right and left DnB neurons in A1. Numbers of 
synapses reconstructed are indicated. Dominant outputs are A27k and A01d-3 premotor 
neurons. Width of arrow corresponds to degree of synaptic connectivity. 	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Figure 3.5: EM reconstruction of downstream neurons 
 
Figure 3.5: EM reconstruction of downstream neurons 
(A-D) Neural reconstructions of ‘nociceptive integrator’ neurons downstream DnB 
neurons 
(E-N) Neural reconstructions of premotor neurons (purple) located in segment A1 and 
one motor neuron class (orange) downstream DnB neurons. Presynaptic sites labeled in 
red, and postsynaptic sites in cyan. CNS mesh provided by Philipp Schlegel.
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Figure 3.6: DnB synapses accumulate dense core vesicles 
 
Figure 3.6: DnB synapses accumulate dense core vesicles 
 
(A) Electron micrograph of DnB synapse showing dense core vesicles (arrowheads) 
indicative of peptidergic or aminergic release 
(B) Neuropeptide precursor, PreproANF fused with emerald GFP (anti-GFP, magenta) is 
processed and expressed in DnB axons (arrowhead; anti-dsRed, green), suggesting that 
DnBs are peptidergic.  
(C) DnB neurons labeled with GFP (anti-GFP, green) do not overlap with 
synaptotagmin-α (anti-SYT-α, red) Boxed region around DnB soma shown in (C') 
(arrowhead) GFP and SYT-α channels and (C'') SYT-α channel only 
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(D) DnB neurons labeled with GFP (anti-GFP, green) do not overlap with 
synaptotagmin-ß (anti-SYT-ß, red) Boxed region around DnB soma shown in (D') 
(arrowhead) GFP and SYT-ß channels and (D'') SYT- ß channel only 
Scale bar: 20 µm (B-D) 
 
Genotypes: (B) UAS-Prepro:ANF-EMD;;412-Gal4,UAS-TdTomato/+ (C-D) 412-
Gal4,UAS-CD8-GFP/+ 
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Figure 3.7: Silencing PMSI premotor neurons reduces rolling 
(A) Expression pattern of Per-Gal4, which includes PMSI premotor neurons in the VNC 
(B) Number of rolls decreases upon Per-Gal4 silencing during global heat assay 
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(C) Percent of time spent engaged in Bend-crawl, Rolling, or Bend-only behavior upon 
Per-Gal4 silencing 
(D) Percent of larvae engaged in No-bend, bending followed by rolling: BendàRoller, or 
bending without rolling: Bendà Non Roller 
 
Scale bar: 50µm (A) 
 
Genotypes: (A) Per-Gal4/20x-UAS-CD8-GFP; 412-QF, QUAS-TdTomato/+ (B-D) (i) 
PerGal4/+ (ii) PerGal4/+; UAS-Kir2.1-eGFP 	  
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles. P values are indicated as **p=0.0027, as determined 
by Mann Whitney test 	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Figure 3.8: DnB neurons are functionally connected to Goro circuits 
 
Figure 3.8: DnB neurons are functionally connected to Goro circuits 
(A) Experimental setup for Goro imaging experiments. Activity in DnB neurons is driven 
by UAS-Chrimson expression optogenetic stimulation across the entire CNS (A), brain 
only (B) or 1-2 segments of DnB neurons in segment A4-6 VNC (C). GCaMP6s was 
targeted to Goro neurons using 69E06-LexA to monitor calcium responses. 
(B) dF/F0 measured in Goro axons (n=6) upon full CNS optogenetic activation of 412-
Gal4 neurons.  
(C) dF/F0 measured in Goro axons (n=4) upon brain only (lacking DnBs) optogenetic 
activation of 412-Gal4 neurons. 
(D) dF/F0 measured in Goro axons (n=7) upon optogenetic activation of 1-2 segments 
(includes DnB neurons) 
Genotypes: (B-D) R69E06-LexAp65/+;20xUAS-CsChrimson-mCherry,13xLexAop2-IVS-
GCaMP6s- p10/412-Gal4  
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Figure 3.9: Connectivity between DnB and Goro circuits 
 
 
Figure 3.9: Connectivity between DnB and Goro circuits 
(A) Schematic representation of DnB to Goro pathway. DnB neurons (green) synapse 
with neurons traversing the nerve cord (purple), which provide input to segmentally 
repeated neurons (pink) presynaptic to Goro (orange). 
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(B) Wiring diagram of DnB neurons to Goro rolling command-like neuron. Percentage 
represents fraction of total dendritic inputs provided by upstream neuron class.  
Percentages may underestimate contribution of neuron class due to lack of data from all 
segments.  Number of reconstructed synapses is indicated in parentheses.  
 
Circuit diagram: DnB group; A09l Down-and-Back (T3 A1 A2 A3 A4 A5 right/left); Basin-
2,4 group: A09a Basin-2 (A1 left, A2 right, A3 right, A4 right/left), A09c Basin-4 (A1 
left/right, A3 left, A4 left); Basin-3 group: A09g Basin-3 (A1 right/left, A4 right); A09e 
group: A09e (A4 right/left, A5 right/left); TePn05 group: TePn05 class-IV related 
projection C (Right/Left); A02o Wave (T3 A1 A2 A3 A5 right/left, A4 A6 Left); A23g 
group: A23g (A1 right/left, A2 right/left); A05q group: A05q (A1 right/left); Goro group: 
Goro (T2 right/left)  
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Figure 3.10: DnBs promote rolling, but not body bending, through Goro network 
 
 
Figure 3.10: DnBs promote rolling, but not body bending, through Goro network 
(A) Expression pattern of 16e11-LexA labeling only Goro neurons 
(B) Experimental setup for DnB thermogenetic activation and Goro silencing. 
(C) Thermogenetic activation of 412-Gal4 neurons (412-Gal4+) leads to dominant bend-





without rolling responses (bendà no roll, green). Coincident silencing of Goro neurons 
(412-Gal4+Goro-) subdues rolling responses but does not disrupt bending. 
(D) Total number of rolls shown by control larvae (412-Gal4 thermogenetic activation; 
black open circles) and upon Goro silencing (red open circles).  
 
Scale bar: 40µm (A) 
 
Genotypes: (A) 16e11-LexA/+;13xLexAop2-IVS-myr::GFP/+ (B) (i) LexAop-Kir2.1/+;412-
Gal4/UAS-dTrpA (ii) LexAop- Kir2.1/16e11-LexA;412-Gal4/UAS-dTrpA  
 
Scatter plot represents values for all animals tested with median (middle bar) and error 
bars representing standard deviation (SD). P values are indicated as ***p<0.0001, as 
determined by Mann Whitney test 	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Chapter IV: 





Somatosensory circuits receive and integrate inputs to generate motor responses that 
are appropriate for combinations of stimuli. Nociception is the detection and avoidance 
of potentially harmful stimuli. The modulation of nociceptive input by additional 
somatosensory modalities remains incompletely understood. In Drosophila larvae, the 
class III (cIII) and class IV (cIV) dendritic arborization (da) neurons function as 
mechanosensors and nociceptors, respectively. Their axons project to specific locations 
in the neuropil, reminiscent of vertebrate dorsal horn organization. Here, I report that 
nociceptive interneurons, Down-and-Backs, also receive spatially segregated input from 
class III gentle touch-sensing neurons. Behavioral analyses suggest that the timing of 
cIII activation determines its effect on cIV induced nocifensive behavior. I show that low 
intensity co-activation of cIII and DnB neurons can enhance likelihood of displaying DnB-
mediated C-shape bending. Finally, I present functional imaging techniques that can be 
used to probe somatosensory integration in DnB neurons. These results identify an 







 The combination of sensory cues detected by the nervous system gives rise to 
our multifaceted sensory experience. For instance, flavor results from the synergistic 
interactions between gustatory, olfactory, tactile, and even visual input (Yarmolinsky et 
al., 2009). Aside from enhancing our sensory experience, multisensory integration allows 
us to discriminate between different sensory events. These computations are particularly 
important in situations when multisensory information is weak, but could potentially 
signal danger (Stein and Stanford, 2008). Gaze orienting behaviors, allowing animals to 
turn towards the sound of a potential threat, combine visual, auditory, and 
somatosensory input, and have been well studied in the superior colliculus (SC) of cats. 
Visual and auditory stimuli presented in the same receptive field of an SC neuron, will 
yield an increase in firing pattern greater than when either stimulus is presented on its 
own (Alvarado et al., 2007).  However, these studies often take place in higher order 
brain centers and less is known about integration during the first levels of sensory relay.  
 Recent work in the vertebrate spinal cord is beginning to reveal the degree of 
multisensory integration (sensory inputs converging onto a neural population) and cross-
talk (sensory modalities influencing each other through local interneurons). The gate 
control theory posits that mechanosensory input can inhibit nociceptive transduction to 
the brain. Potential neural substrates for this theory were identified as C-fiber 
nociceptors and Aß mechanoreceptors converging on excitatory neurons marked by the 
somatostatin, that could be inhibited indirectly through Aß input via inhibitory dynactin 
positive neurons (Duan et al., 2014). In another study, activity of NPY-receptor 2 
expressing A-fibres, mediating mechanical nociception, were inhibited by low-threshold 
mechanoreceptors (Arcourt et al., 2017). Low-threshold mechanoreceptors have also 
been shown to gate mechanically-evoked itch, potentially through inhibitory neurons in 
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the spinal cord (Bourane et al., 2015; Duan et al., 2017). Therefore, spinal circuits 
possess some degree of multisensory convergence onto common targets and cross-
modal communication via local interneurons, yet without knowing the underlying neural 
connectivity, it is difficult to determine the extent of multisensory modulation, and its role 
on sensory-evoked behavior. 
 In the previous chapter, I used electron microscopic (EM) reconstruction to show 
that Down-and-back (DnB) interneurons in Drosophila larvae receive both nociceptive 
input, through class IV dendritic arborization neurons, and mechanosensory stimuli, 
mostly via class-III gentle-touch sensing neurons. The impact of gentle-touch and 
nociceptive integration at the first somatosensory relay, and its effect on nocifensive 
behavior (defensive withdrawal to noxious stimuli) has not been extensively studied. 
 Here, I show that a population of second-order somatosensory neurons, Down-
and-Backs (DnBs), receive input from nociceptive sensory neurons and spatially-
segregated terminals of touch receptive class III (cIII) da neurons, suggesting that they 
comprise a node for multimodal integration in the nociceptive circuit that may be 
analogous to that observed in mammals. This study provides evidence that 
mechanosensory input modulates nociceptive behavioral responses triggered by cIV 
nociceptors, and DnB neurons. These findings reveal a novel component of the 
nociceptive circuit and provide an entry point for studying the impact of nociception and 
tactile integration on generating nocifensive motor outputs.   
Results 
DnB neurons receive spatially segregated gentle-touch input 
 EM reconstruction of Down-and-Back upstream circuitry revealed that DnBs 
received input from mechanoreceptors (22%), including 15% from gentle-touch sensing 
class III (cIII) neurons. I co-labeled DnB neurons and cIII gentle-touch sensory axons to 
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visualize connectivity among these populations of neurons. cIII gentle-touch axons 
occupy a domain just lateral to cIV axon terminals (Figure 4.1A-A')(Grueber et al., 2007). 
Co-labeling with 412-Gal4 and the cIII/chordotonal marker nompC-LexA (Shearin et al., 
2013) revealed overlap between cIII axons and the lateral region of DnB dendrites 
(Figure 4.1B-B''). Next, I used the synapse-restricted, activity dependent, GFP 
reconstitution across synaptic partners (GRASP) technique (Feinberg et al., 2008; 
Gordon and Scott, 2009; Macpherson et al., 2015) (Chapter II) to visualize connectivity 
between cIII sensory neurons and DnBs in vivo.  Expression of n-syb-GFP1-10 in cIII 
neurons using nompC-QF and CD4-GFP11 using 412-Gal4 produced GFP reconstitution 
(Figure 4.1D) in two parallel bands lateral to cIV axonal termination sites. nompC-QF 
also strongly labels chordotonal (chd) sensory neurons (Figure 4.1C), which synapse 
with nociceptive interneurons, Basins (Ohyama et al., 2015). Yet, I only observed 
reconstitution between DnBs and class III neurons (Figure 4.1D).  No fluorescence was 
observed when expressing n-syb-GFP1-10 alone (Figure 4.1E). These results support the 
EM reconstructed connectivity between DnB dendrites and cIII sensory neurons, and 
indicate that cIII targets a distinct non-overlapping region of the DnB dendritic arbor 
relative to cIV nociceptive axons.  
Mechanosensory modulation of nociceptive escape behavior 
 To begin assessing the role of mechanosensory convergence onto DnB neurons, 
I asked whether DnB neurons were required for gentle-touch evoked behavior. 
To test gentle-touch behavior, I scored responses to gentle-touch stimuli using the 
Kernan score system (Kernan et al., 1994) where 0= no response, 1=pause, 2= turn or 
anterior withdrawal, 3= single reverse contraction, and 4= multiple reverse contractions. 
Animals were tested four times, and cumulative scores were averaged per animal 
tested. Control animals, expressing an inactivated form of tetanus toxin (TNTi; Sweeney, 
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1995} in 412-Gal4 neurons, had a median Kernan score of 8, with high frequency of 
turning/anterior withdrawal behaviors (Figure 4.2) Silencing DnB neurons using 412-
Gal4 to drive TNT (Sweeney et al., 1995) did not significantly disrupt median gentle-
touch responses (Median Kernan score =7)(Figure 4.2A). However, animals did perform 
a wider range of behaviors with a higher frequency of non-responders (Score 0) and 
reverse locomotion (Score 3-4). Although I cannot eliminate the possibility that DnB 
neurons play a role in enhancing reliability of light-touch responses, our previous data 
indicate that across different activation intensities, DnB activity does not produce gentle-
touch responses (Chapter II). Together, these data suggest that DnB neurons 
predominantly drive nocifensive behavior and raise the possibility that cIII 
mechanosensory input could be modulating nocifensive behavior.  
 First, I explored the potential role of class III gentle-touch modulation of 
nociceptive outputs. I co-activated cIII and cIV neurons by driving dTrpA1 using the cIV 
driver ppk1.9-Gal4 (Ainsley et al., 2003) and the cIII driver R83B04-Gal4 (Figure 4.3A). I 
compared responses upon cIII/cIV co-activation to responses when only cIV neurons 
were activated (Figure 4.3B). cIII/cIV co-activation did not prevent rolling, nor did it affect 
time spent rolling compared to cIV activation alone (Figure 4.3C). However, I did find 
that during cIII/ cIV co-activation, animals showed a significantly longer latency to initiate 
rolling (Figure 4.3D). These data suggest that activation of cIII neurons can inhibit or 
delay the onset of nociceptive behavior induced by cIV activity. One caveat is that 
strongly co-activating cIII and cIV neurons might not recapitulate naturalistic integration 
of these circuits, and instead this inhibition of nociceptive behavior could be a result of 
competition for motor circuits between cIII and cIV downstream circuitry. 
 In parasitic wasp attacks, mechanical sensing of the predator would normally 
precede noxious oviposition-related stimuli. I therefore asked whether varying the timing 
of cIII input might enhance or reduce cIV-induced nocifensive behavior. I activated cIII 
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neurons using R83B04-Gal4 (Jenett et al., 2012) to drive dTrpA for 10 seconds prior to 
activating cIV neurons optogenetically using dTrpA-QF to drive QUAS-ReaChR. First, I 
tested animals raised in the absence of ATR (co-factor required for channelrhodopsin 
function) to measure class III-induced behaviors, and observed characteristic gentle-
touch responses: scrunching and backwards crawling (Figure 4.4A). Notably, cIII 
activated animals displayed some rolling during lights ON condition (10% of trial time, 
n=30), while scrunching was terminated, resulting either from the effect of blue light, or 
from low level activation of class IV neurons in the absence of ATR. Next, I assessed cIV 
optogenetically evoked behaviors by testing animals at 25˚C, which did not activate 
class III neurons thermogenetically. I found a modest increase in time spent rolling 
(Figure 4.4B) during optogenetic cIV activation, which increased when class III input was 
presented prior to cIV activation (Figure 4.4B). To characterize the enhancement of cIII 
input on nocifensive rolling, I compared the number of rolls elicited by cIII à cIV 
activation, compared to class III or IV activation alone, and found that rolling significantly 
increased when clII neurons were activated before cIVs (cIV only, median=0; cIII only, 
median=0; cIIIàcIV, median=1.5). Together, these data suggest that cIII inputs enhance 
nociceptive behavioral outputs if received prior to cIV activation.  
 If class III input has the potential to enhance class IV-induced rolling behavior, I 
asked whether co-silencing these populations would exacerbate deficits to noxious heat 
stimuli upon class IV silencing. When I silenced cIV neurons and tested responses to 
local noxious heat stimuli by applying a heat probe (~50 degrees) to the body wall, I 
found a reduction in rolling, and withdrawal behavior (where animals bend away from 
heat probe, but do not perform rolling). However, silencing cIII mechanosensory neurons 
did not affect rolling or withdrawal behavior. Co-silencing both cIV and cIII populations 
does not eliminate all responses to local noxious heat stimuli, and the proportion of 
responders is similar to that of class IV silencing alone. These data provide evidence 
	  124 
against a role for class III neurons in responses to local heat noxious stimuli. However, 
these results are not necessarily inconsistent with my previous sequential cIII à cIV 
activation data, as cIII input could have a selective modulatory effect on mechanical 
nociception.  
Mechanosensory modulation of DnB mediated motor outputs 
 Since my data suggested that mechanosensory cIII input could enhance 
nocifensive responses if presented prior to cIV activation, I asked whether cIII 
modulation of nocifensive behavior could be acting, at least in part, through DnBs. 
I found that activation of cIII neurons strongly inhibited the robust rolling behavior 
observed upon 412-Gal4 activation (Figure 4.6A). These data are consistent with the 
delay in rolling behavior upon cIII/cIV co-activation. Again, I explored an alternative 
behavioral paradigm to elucidate the role of cIII input on DnB-mediated outputs. I asked 
whether subthreshold thermogenetic activation of DnBs (i.e. insufficient to elicit rolling) 
could be enhanced by co-activation with cIII mechanosensory neurons (Figure 4.6B). 
Coincident activation of cIII and DnB populations, using 83B04-Gal4 and 412-Gal4 to 
drive dTrpA, slightly increased the percent of time spent rolling, and number of rolls, but 
increased time spent engaging in bend-only behavior (Figure 4.6C-D). These data 
suggest that at low levels of activation, cIII input might enhance DnB activity and 
increase C-shape bending, which could lead to increased probability of rolling behavior. 
Preliminary development of functional imaging techniques for probing nociceptive 
and mechanosensory integration 
 Behavioral analyses of nociceptive and mechanosensory integration suggested 
that cIII input can modulate nocifensive escape behavior, potentially through DnB 
neurons. Functional imaging would provide a physiological understanding for DnB 
integration of cIII and cIV inputs. I performed calcium imaging on dissected larval CNS 
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preparations, using 412-Gal4 to express GCaMP6m in DnB cell bodies. First, I 
established this protocol by using 70mM KCl to broadly depolarize neurons. I observed 
robust calcium transients in response to KCl application and not with saline application 
(Figure 4.7A-B). Since I could not precisely control the time of application with the initial 
set of experiments, I compare the initial frame (pre-stimulus) to the peak fluorescence 
(Fmax) (Figure 4.7A). I detected a similar degree of increased fluorescence upon KCl 
application across animals (Figure 4.7C). Next, I expressed ATP-activated cation 
channel, P2X2 in class IV neurons using the 38A10-LexA driver. Upon ATP application, I 
observed robust calcium transients in 1/3 somas monitored, and a slight increase in 1/3 
somas (Figure 4.7D). When I used this method to activate cIII neurons using 83B04-
LexA (Galindo, unpublished), I observed an increase in GCaMP fluorescence in DnB 
neurons (1/1 soma) (Figure 4.7E). I also imaged from DnB dendrites and found 
increases in fluorescence following both cIII (1/1 animal) and cIV activation (5/5 animals) 
(Figure 4.7F). Unlike cell bodies which are easily detected with baseline GCaMP 
fluorescence, dendrites were difficult to identify, and were not analyzed because I could 
not determine a pre-stimulus region of interest. Finally, I co-activated cIII and cIV 
neurons and detected increases in 1/2 animals imaged (Figure 4.7G). My preliminary 
data suggests that cIV can directly activate DnB neurons, but the number of cells 
monitored was too small to draw conclusions regarding the effect of cIII input on DnB 
activity. Potential improvements could include leaving somatosensory neurons intact 
with the larval body wall, activating only a few somatosensory nerves at once (locally 
applied ATP), and labeling DnB anatomy for reference with a red fluorophore. Upon 
further adjustment, this setup can be used to determine how DnB neurons respond to 
concurrent activation of cIII and cIV vs. cIII or cIV activation alone. These functional data 
will allow us to probe integration between mechanosensory and nociceptive stimuli at the 




Addressing how somatosensory input is transmitted and integrated by central circuits in 
model organisms that show robust behaviors, yet relatively simple nervous systems, 
might illuminate conserved mechanisms for sensory-motor processing. Here, I provide 
insight into the behavioral implications of mechanosensory and nociceptive integration at 
the first relay element of somatosensation. I show that Down-and-Back interneurons 
receive spatially segregated input from class III (cIII) gentle-touch sensing and class IV 
(cIV) nociceptive sensory neurons. The behavioral data suggests that the timing and 
level of cIII activation determines its effect on nocifensive behavior. These findings 
provide a handle for understanding how input from multiple, functionally distinct, classes 
of somatosensory is integrated. 
 
Mechanosensory and Nociceptive spatially segregated axonal targeting of DnB 
dendrites 
 Prior results identified spatial segregation of axonal terminals of cIII and cIV 
neurons, and proposed that this arrangement might underlie connectivity with distinct 
central targets (Grueber et al., 2007).  While it is likely that at least some targets are 
distinct, these results here reveal a population of second-order neurons that span the 
cIII-cIV target area. Thus, in this instance, axon terminal segregation leads to synaptic 
connectivity on distinct regions of a common dendritic target. The locations of synaptic 
inputs along a dendritic arbor can have profound impacts on dendritic integration. For 
instance, if inputs from the same pathway cluster in similar regions of a dendrite then it is 
easier to activate or suppress their activity collectively, without greatly impacting 
pathways targeting distinct regions of the dendritic arbor (Kastellakis et al., 2015; Yang 
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et al., 2016). Future studies of DnB neurons might reveal the molecular underpinnings, 
and functional consequences of this laminar dendritic targeting of afferents.  
Behavioral consequences of nociceptive and mechanosensory integration 
 Integration of sensory inputs improves behavioral selection by enhancing the 
salience of a sensory event. More specifically, sensory input convergence can increase 
(superadditive integration) or decrease (subadditive integration) neural activity, which 
could impact the activation of downstream motor patterns (Alvarado et al., 2007; Stein 
and Stanford, 2008).  Sensory integration and cross-talk can take place across multiple 
levels of sensory processing (Ohyama et al., 2015; Prescott et al., 2014; Stein and 
Stanford, 2008). The anatomical and behavioral results I present suggest that DnBs 
represent a point of multimodal integration early in the nociceptive circuit for integration 
of cIII and cIV inputs. In response to touch stimuli larvae pause, recoil, turn, or reverse 
the direction of movement (Kernan et al., 1994; Yan et al., 2013), which is distinct from 
the rolling, body bending, and fast escape crawl characteristic of nocifensive behaviors. 
Silencing DnB neurons did not significantly alter gentle-touch responses, and gentle-
touch behaviors were not observed during 412-Gal4 activation across various activation 
intensities, suggesting that DnB neurons do not play a prominent role in generating 
gentle-touch behaviors, but instead cIII input might modulate nocifensive behavior. 
Coincident activation of cIII and cIV neurons led to a slight delay in rolling onset.  
Surprisingly, however, coincident activation of cIII and DnBs led to a strong inhibition of 
rolling. One possible interpretation of these results is that activation of parallel roll-
promoting circuitry upon cIII/cIV activation can eventually overcome competition with cIII 
activation. By contrast, if cIII neurons are co-activated with DnBs, DnB downstream 
circuitry might be insufficient to overcome this competition for motor circuits.  
	  128 
 We also provide evidence that cIII input can enhance both cIV- and DnB- 
triggered nocifensive behavior. Presenting cIII input prior to cIV activation increased the 
number of evoked rolls. Co-silencing cIII and cIV input did not enhance behavioral 
deficits to noxious heat compared to cIV silencing alone. These results do not exclude 
the possibility that cIII input could be enhancing nocifensive responses to mechanical 
nociception. Indeed, a recent study found that cII and cIII mechanosensory input is 
required for mechanonocicepion (Hu et al., 2017). They also found that silencing cII-cIII 
activity, surprisingly, abolished nocifensive rolling induced by harsh mechanical stimuli, 
although the bending remained largely intact. These data suggest that not only are there 
divergent circuits for mechanical and thermal nociception, but that components of the 
mechanical noxious response (bending vs. rolling) might be under the control of different 
microcircuits. Studying DnB function and mechanosensory integration in the context 
mechanical nociception would be an interesting future direction. Moreover, 
thermogenetically co-activating cIII/DnB neurons at an intensity that did not induce 
rolling in 412-Gal4 activation alone, modestly increased likelihood of rolling, and 
increased likelihood of performing C-shape bends. Since DnB neurons also receive input 
from additional mechanosensory subtypes (Chapter III) (class II, and es cells), co-
activating with these groups along with cIII neurons might further enhance nociceptive 
responses. Interestingly, co-activating low-threshold mechanosensory and A-fibre 
nociceptive afferents enhances motor coordination of nocifensive paw withdrawal, 
pointing to potential parallels between vertebrate and invertebrate models of nociception.  
 Mechanosensory enhancement of nociceptive stimuli is consistent with the 
implications of vibration sensing chordotonals and noxious integration. The concurrent 
activation of chordotonals and cIV neurons increases likelihood of rolling escape 
behavior (Ohyama et al., 2015). Mechanosensory and nociceptive convergence might 
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facilitate selection of escape behavior in threatening situations where there are weak 
multimodal inputs (Stein and Stanford, 2008).   
 Recent work has implicated cIII neurons in cold nociception (Turner et al., 2016), 
suggesting that my manipulations could also be affecting cold nociceptive circuitry. 
Turner et al., also monitored behavior during cIII/cIV optogenetic co-activation over 
shorter time intervals, which could explain why they exclusively observed cold induced 
contraction (CT) phenotypes without nocifensive behavior. Gentle-touch also elicits 
recoil behavior, which might be difficult to distinguish from CT upon cIII activation. As our 
knowledge of nociceptive larval circuits continues to expand, it is likely that DnB neurons 
are not the only microcircuits integrating cIII and cIV input, but their early position in 
somatosensory processing, convergence of multiple mechanosensory subtypes, and 
important role in nociception makes them an interesting model for investigating 
mechanosensory modulation of nocifensive behavior. 
Vertebrate analogies for mechanosensory and nociceptive integration 
 One popular theory describing the impact of tactile information on nociceptive 
transduction is the gate control theory (Melzack and Wall, 1965), which stipulates that a 
theoretical “T” neuron, converging tactile and nociceptive inputs, transmits nociceptive 
signals to the brain, and can be gated by mechanosensory feedforward inhibition via “IN” 
neurons. Duan et al., identified circuits that fit this description, such that upon co-
activation of C-fiber/A∂ nociceptors and Aß mechanoreceptors, DYN interneurons in the 
spinal cord gate mechanical pain by inhibiting SOM interneurons from relaying noxious 
input to the brain (Duan et al., 2014). Ablating SOM neurons does not affect innocuous 
touch responses. However, the interplay between these circuit elements is thought to 
mediate allodynia (the perception of non-noxious stimuli as painful) and the ability of 
gentle-touch to attenuate perceptions of pain (Duan et al., 2014). Similar to SOM 
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interneurons, DnBs are also dually innervated by tactile and nociceptive afferents and 
are preferentially required for nocifensive behavior. Future work could reveal whether cIII 
neurons also provide indirect inhibitory input to DnB neurons, and whether manipulating 
the properties of this microcircuit could induce ‘allodynia’ type of responses where 
gentle-touch induces nocifensive behavior. Given the possible analogies to vertebrate 
pain circuits, it will be important to elucidate the cellular and molecular basis for 




(1) PB[IT.Gal4]0412 (referred to in the text as 412-Gal4; (Gohl et al., 2011)), (2) UAS-
mCD8-GFP (Lee and Luo, 1999), (3) QUAS-syb-spGFP1-10 (Macpherson et al., 2015), 
(4) UAS-CD4-spGFP11(Feinberg et al., 2008; Gordon and Scott, 2009), (5) nompC-QF 
(Bloomington Stock Center), (6) 20X-UAS-IVS-GCaMP6m (Chen et al., 2013), (7) UAS-
dTrpA1 (Hamada et al., 2008), (8) UAS-ReaChR (Lin et al., 2013) (9) UAS-TNT and (10) 
UAS-TNTi (Sweeney et al., 1995),  (11) R38A10-LexA (Jenett et al., 2012)(12) R83B04-
Gal4 (Jenett et al., 2012) (13) ppk1.9-Gal4 (Ainsley et al., 2003), (14) nompC-LexA, 10X-
lexAop2-myr-GFP/TM6B (Shearin et al., 2013), (11) R83B04-LexA (Galindo, 
unpublished) (12) TrpA-QF (Petersen and Stowers, 2011), (13) 5XQUAS-






Immunohistochemistry was performed essentially as described (Matthews et al., 2007). 
Third instar larvae were dissected in 1X PBS, fixed in 4% paraformaldehyde (Electron 
Microscopy Sciences) in 1X PBS for 15 minutes, rinsed three times in 1X PBS + 0.3% 
Triton X-100 (PBS-TX), and blocked for 1 hour at 4°C in normal donkey serum (Jackson 
Immunoresearch). Primary antibodies used were chicken anti-GFP (1:1000; Abcam) and 
rabbit anti-DsRed (1:250, Clontech). Animals were incubated overnight in primary 
antibodies at 4°C, rinsed repeatedly in PBS-TX, and incubated overnight at 4°C in 
species-specific, fluorophore-conjugated secondary antibodies (Jackson 
ImmunoResearch) at 1:200 in PBS-TX. Tissue was mounted on poly-L-lysine coated 
coverslips, dehydrated in ethanol series, cleared in xylenes, and mounted in DPX 
(Fluka).  
 
For GRASP experiments, third instar larval brains were dissected in 1X PBS and fixed in 
fresh 4% paraformaldehyde (Electron Microscopy Sciences) for 15 minutes. Brains were 
mounted in Vectashield (Vector lab) on poly-L-lysine coated coverslips, and imaged for 
native reconstituted GFP signal. 
 
Behavioral analysis 
For behavioral analysis, flies were reared at 25˚C and tested as wandering third instar 
larvae. For each experiment, at least three trials, taken on separate days, were 
performed for each genotype. Larvae were only tested once unless otherwise noted.  
 
Thermogenetic activation 
Third instar larvae were rinsed briefly in double distilled water and placed on a 1% 
agarose gels with 0.6% black ink (Super Black India ink, Speedball) heated to either 
peltier device (CP-031, TE technology) and temperature controller (TC-36-25-RS232, TE 
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technology) to heat the gel to 29-29.9˚C or 32.5˚C, depending on experimental condition. 
Animals displaying 360˚ rotations were classified as ‘rollers’. ‘Bend-roll’ was counted as 
coincident C-shape bending and 360˚ rotation, ‘Bend-crawl’ was counted when animals 
persistently bent as they crawled and did not perform straight forward crawling, and 
‘Bend-only’ behavior, was counted when animals remained in a curved posture without 
rolling or crawling. Trachea were used as a reference for bending and rolling 
categorization. Animal behavior was recorded using a Leica M50 camera along with 
Leica FireCam software and QuickTime screen capture for 30 seconds. Videos were 
quantified offline with experimenter blind to condition.  
 
Optogenetic activation 
For optogenetic experiments, I tested animals in a photostimulation arena (de Vries and 
Clandinin, 2013). Flies were raised on molasses food with or without 100mM all-trans-
retinal (ATR). Third instar larvae were rinsed briefly in double distilled water and placed 
on a 100 x 15mm petri dish containing double distilled water blended with yeast particles 
to facilitate nocifensive behavior (S. Mauthner, personal communication). Larvae were 
recorded using DALSA Falcon 4M30 4 megapixel digital camera and CamStudio screen 
capture software with 10 seconds blue light off-10 second blue light on (23500 Lux). A 
dim red light was on for the entirety of the experiment to illuminate larvae during lights off 
periods (300 Lux). Videos were quantified offline.   
 
For sequential activation, peltier device was placed in photostimulation arena. Animals 
were placed on first placed on 1% agarose with 0.6% black ink, heated to 32.5˚C, for 
10s, followed by 10s of lights ON of blue light (23500 Lux). Gentle-touch behaviors 




Local Heat Assay 
Local heat assay was performed as previously described (Tracey et al., 2003) with slight 
modifications. Soldering iron (SKU25337, Sinometer) was used as a noxious thermal 
probe and the temperature was set to 51.6-55.5˚C by adjusting voltage using a variac 
(3PN1010B, Staco Energy). Digital thermometer (51 II, Fluke) with thermocouple 
temperature sensor was used to measure the temperature of the thermal probe. Larvae 
were lightly touched with thermal probe at segments 4-6 for 5 seconds. Animals were 
characterized as ‘responder’ if they performed 360˚ roll within 5 seconds, and ‘non-
responder’ if they did not. Animal behavior was recorded using Leica FireCam and 
QuickTime screen capture. Videos were quantified offline with experimenter blind to 
genotype.  
 
Gentle Touch Assay 
For the gentle touch assay, experiments were conducted as previously described 
(Kernan et al., 1994). Third instar larvae were rinsed off in double distilled water, then 
left to acclimate on 1% agar for 3 minutes. Animals were tested on 1% agar 100 x 15mm 
petri dish and assigned a Kernan score for each behavior 1: hesitate, 2: anterior 
withdraw or turn, 3: single reverse wave, 4: multiple reverse waves. Experimenter was 
blind to genotypes during testing. 
 
DnB neurons calcium imaging 
Protocol is modified from (Ohyama et al., 2015). Third instar larval CNS was dissected in 
saline solution (108 mM NaCl 5 mM KCl 5 mM Hepes 5 mM Trehalose/2H2O 10mM 
Sucrose 1mM NaH2PO4 2mM CaCl2) (Wang et al., 2003). Brains were mounted on poly-
L-lysine coated coverslips dorsal side up for soma imaging, and ventral side up for 
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dendritic imaging. Coverslip was placed in sylgard dish with 2mL of saline solution. 
Imaging was performed on LSM 510 or LSM 700 with 40X water immersion objective. 
1mL of freshly prepared ATP diluted in saline  (3.3 mM for soma imaging, and 10mM for 
dendritic imaging) or KCl (70mM) was applied during imaging. Trials consisted of three 
dimensional time lapse imaging with XY dimensions and 3 slices 5.02µm thick centered 
around soma or dendritic scaffold at a scan speed of 9 under pseudocolor Rainbow2. 
Each scan cycle lasted ~2.6 seconds. Images were analyzed using MATLAB 
(Mathworks). Polygon was drawn around region of interest (soma) based on baseline 
fluorescence. The baseline (Fo) was set as the average of the first 8 frames, and ∆F was 
calculated as F-F0, where F is the raw fluorescent intensity of a given frame.  
 
Statistical Analysis 
When comparing two groups of quantitative data (e.g. number of rolls), unpaired t-test 
was performed if data showed a normal distribution (determined using D'Agostino & 
Pearson omnibus normality test) and Mann-Whitney test if data distribution was non-
normal. When comparing three or more groups, data were analyzed using One-way 
ANOVA (normal distribution data) or Kruskal-Wallis test (non-normal distribution data) 
with Dunn’s correction for multiple testing, followed by post-hoc T-test to determine exact 
p-value. 
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Figure 4.1: Down-and-Back neurons receive spatially restricted class III 
mechanosensory input 
(A-A') Co-labeling cIII (anti-GFP, green) and cIV (anti-dsRed, magenta) axons in the 
CNS. Dotted line represents the location of the transverse section shown in (A'). 
(B-B'') Co-labeling of cIII axons (anti-GFP, green) and 412-Gal4 neurons (anti-dsRed, 
magenta). Dotted line represents transverse section shown in B'. Boxed region is shown 
as a single plane image in B''. Location of cIII axon terminals is outlined in the lower 
panel to show overlap with DnB dendrites. 
(C) Co-labeling cIII and chordotonal (Chd) neurons (anti-dsRed, green) with nompC-QF 
and DnB  neurons (anti-GFP, magenta) in the CNS.  
(D) Reconstitution of GFP in cIII region when syb:spGFP1-10 was driven in cIII and Chd 
neurons using nompC-QF and CD4:spGFP11 driven by 412-Gal4. Image shows native 
reconstituted GFP in pseudocolor.  
(E) No reconstitution of GFP observed with nompC-QF driving expression of QUAS- 
syb:spGFP1-10.  Image shown in pseudocolor. 
 
Scale bar: 15µm (A- B''), 20µm (C), 40µm (D), 50µm (E) 
 
Genotypes: (A-A') dTrpA1-QF/QUAS-mtdTom3XHA; nompC-LexA, 10X-LexAop2-myr-
GFP/+ (B –B'') nompC-LexA, 10XLexAop2-IVS-myr-GFP/412-Gal4, UAS-CD4-tdTom  
(C) nompC-QF,QUAS-TdTomato/+; 412-Gal4, UAS-CD8-GFP/+ 
(D) nompC-QF/UAS-CD4-spGFP11; 412-Gal4/QUAS-syb-spGFP1-10 (E) nompC-QF/UAS-
CD4-SpGFP11; +/QUAS-syb:spGFP1-1 	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Figure 4.2: Silencing Down-and-Back neurons does not affect median gentle-touch 
responses 
(A) Average cumulative Kernan score after 4 consecutive trials/animal.  
(B) Relative frequency (percent) shown for each Kernan score, 0: no response, 1: 
hesitates, 2: withdraws anterior or turns, 3: single reverse backward movement, 4: 
multiple waves of reverse locomotion.  
Genotypes: (A-B) (i) UAS-TNTi/+;412-Gal4/+ (ii) UAS-TNT/+;412-Gal4/+ 
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles 
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Figure 4.3: Gentle-touch and nociceptor co-activation delays rolling onset 
 
 
Figure 4.3: Gentle-touch and nociceptor co-activation delays rolling onset  
 (A) R83B04-Gal4 driven mCD8:GFP labels cIII sensory axons in the CNS 
(B) Schematic for activation of cIV vs. cIV and cIII neurons 
(C-D) Co-activating class IV with ppk1.9-Gal4 and class III neurons with R83B04-Gal4, 
driving dTrpA, does not affect % of time spent rolling, but increases latency to roll 
compared to activating class IV neurons alone. 
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Genotypes: (A) UAS-mCD8:GFP/+; R83B04-Gal4/+ (C-D) (i) ppk1.9-Gal4/+; UAS-
dTrpA/+ (ii) ppk1.9-Gal4/+; UAS-dTrpA/R83B04-Gal4 
 
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles. P values are indicated as ***p<0.001, as determined 
by Mann Whitney.  
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Figure 4.4: Sequential class III gentle touch, class IV nociceptive activation 
enhances rolling  
 
 
Figure 4.4: Sequential class III gentle touch, class IV nociceptive activation 
enhances rolling  
(A) Schematic representation of experimental paradigm of activation. Class III neurons 
were activated with dTrpA for 10s with lightsOFF (grey) and then the same group of 
animals were tested for 10s with lightsON (blue). Animals were raised without ATR 
	  142 
(ATR-), which is a cofactor important for channel rhodopsin function. As a result, class IV 
neurons were not activated during lightsON. Percent of time spent engaging in gentle-
touch like behaviors: scrunch, head swing, backward crawl, and in nociceptive 
behaviors: rolling. 
(B) Schematic representation of experimental paradigm of activation. Two separate 
group of animals activated under different condition. The first group (grey) is activated 
for 10 s with optogenetic activation of cIass IVs, lightsON at 25˚C, which does not 
thermogenetically activate dTrpA expressing class III neurons. The second group (blue) 
is primed with 10s of class III thermogenetic activation before optogenetic activation of 
class IV neurons with LightsON. 
(C) Increase in number of rolls observed when class III input is presented prior to class 
IV activation, compared to class III activation or class IV activation alone.  
 
Genotypes: (A-B,D) UAS-dTrpA1/ TrpA-QF,QUAS-ReaChR; R83B04-Gal4/+ 
 
Box plots show median (middle line) and 25th to 75th percentiles with whiskers 
representing 10 to 90 percentiles. P values are indicated as *p=0.0102, as determined 
by Kruskal Wallis with posthoc Mann-Whitney test (C). 
.  
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Figure 4.5: Co-silencing class III and IV does not further reduce response to local 
heat assay 	  
 
Figure 4.5: Co-silencing class III and IV does not further reduce response to local 
heat assay 
Comparing percent of larvae responding to noxious local heat stimuli when class IV 
neurons are silenced, class III neurons are silenced, or both populations are silenced. 
Behaviors recorded: no response, withdrawal (bend away from stimulus, without roll), 
and rolling. 
Genotypes: (i) UAS-TNTi/PPK1.9-Gal4 (ii) UAS-TNT/ PPK1.9-Gal4 (iii) UAS-
TNTi/+;83B04-Gal4/+ (iv) UAS-TNT/+;83B04-Gal4/+ (v) UAS-TNTi/ PPK1.9-Gal4;83B04-
Gal4/+ (vi) UAS-TNT/ PPK1.9-Gal4;83B04-Gal4/+  
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Figure 4.6: Gentle-touch class III modulation of Down-and-Back mediated behavior 
 
 
Figure 4.6: Gentle-touch class III modulation of Down-and-Back mediated behavior 
(A) Co-activating 412-Gal4 neurons and class III neurons with R83B04-Gal4, driving 
dTrpA, reduces nocifensive rolling observed upon activating 412-Gal4 neurons alone. 
(B-D) Thermogenetic activation of 412-Gal4 at 30˚C does not induce rolling, but time 
spent bending is modestly increased upon class III co-activation (ns, Kruskal-Wallis) 
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Scatter plot represents values for all animals tested with mean (middle bar) and error 
bars representing standard deviation (SD). ***p<0.001, as determined by Mann-Whitney 
(A). 
 
Genotypes: (A) (i) UAS-dTrpA/+; 412-Gal4/+ (ii) UAS-dTrpA/+; 412-Gal4/83B04-Gal4 (B) 
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Figure 4.7: Preliminary Down-and-Back functional imaging probing 
mechanosensory and nociceptive integration  
 
 
Figure 4.7: Preliminary Down-and-Back functional imaging probing 
mechanosensory and nociceptive integration  
(A) Image of the same Down-and-Back neuron expressing GCaMP6m with 412-Gal4 
during saline control vs. 70mM KCl application before stimulus, and at maximum 
fluorescence (Fmax) 
(B) Change in fluorescence in DnB cell body during saline control and 70mM KCl 
application 
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(C) Change in fluorescence in DnB cell body after 70mM KCl application (n=3 animals) 
(D) Change in fluorescence in DnB cell body after cIass IV> P2X2 activation with 3.3mM 
ATP (n=3 animals) 
(E) Change in fluorescence in DnB cell body after cIass III> P2X2 activation with 3.3mM 
ATP (n=1 animal) 
(F) Change in fluorescence in DnB dendrites before and at maximum fluorescence (Fmax) 
after P2X2 activation of cIII or cIV neuron with 10mM ATP 
(G) Change in fluorescence in DnB cell body after cIass III+class IV>P2X2 activation 
with 3.3mM ATP during ~20.8-26 seconds (n=2 animals) 
Time estimated from scan cycle length, each cycle= ~2.6 seconds. 
Genotypes: (A-C) 20X-UAS-GCaMP6m; 412-Gal4 (D) 20X-UAS-GCaMP6m/38A10-
LexA;412-Gal4/LexAop-P2X2 (E) 20X-UAS-GCaMP6m/+;412-Gal4,83B04-
LexA/LexAop-P2X2 
(F) (i) 20X-UAS-GCaMP6m/+;412-Gal4, 38A10-LexA/LexAop-P2X2 (ii) 20X-UAS-
GCaMP6m/38A10-LexA;412-Gal4/LexAop-P2X2 (G) 20X-UAS-GCaMP6m/38A10-
LexA;412-Gal4,83B04-LexA/LexAop-P2X2 	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Chapter V: 




“More highly evolved organisms generally derive their superior qualities 
not so much from novel mechanisms at the cellular level as from a richer 
complexity in the orchestration of basic designs that they share with 



















 How sensory information is combined and transformed into behavioral outputs 
remains a key question in neuroscience (Adolphs, 2015). Even ‘simple’ brains can 
combine sensory stimuli to enhance motor outputs, such as the integration of visual and 
mechanosensory integration required for Drosophila to climb over gap crossings (Huston 
and Jayaraman, 2011; Niven, 2010; Triphan et al., 2010). Therefore, general 
mechanisms of sensorimotor integration can potentially be gained from studying a 
simple nervous system. Drosophila larvae, in particular, have served as useful model for 
studying the development, dendritic patterning, and transduction mechanisms of 
somatosensory neurons. The larval somatosensory system is comprised of dendritic 
arborization (da) neurons (Bodmer and Jan, 1987; Grueber et al., 2002) that detect 
distinct stimuli. The da axon terminals sort out into modality specific locations in the 
nerve cord (Grueber et al., 2007; Merritt and Whitington, 1995). The characterization of 
this somatosensory system makes it suitable for studying sensory transduction and 
integration, and neural circuitry underlying sensory-evoked behavior. 
 Drosophila larvae perform a stereotypic sequential escape behavior 
(bendàrollàescape crawl) in response to noxious stimuli, such as harsh touch, or high 
temperature >39˚C. The work I have presented here characterizes a novel microcircuit 
underlying the initial bend stage of the escape sequence. I provide evidence that the 
identified population of neurons, the Down-and-Backs (DnBs), coordinate sequential 
motor outputs in the escape response (bendàroll) by targeting distinct motor pathways. 
The key experiments supporting these findings are summarized in Figure 5.1. Moreover, 
DnB neurons receive mechanosensory and nociceptive input, which might serve to 
enhance nocifensive responses. This work has combined anatomical analyses, neural 
circuit EM reconstruction, functional imaging, and detailed behavioral analyses to 
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demonstrate how Down-and-Back neurons organize modular motor pathways to drive 
nociceptive escape behavior (Figure 5.1). 
Modular microcircuits driving sequential behavior 
 
 ‘Behavior’ is often comprised of motor modules acting in concert or rapid 
succession, prominent examples including feeding, mating and escape motor programs. 
The work laid out in Chapter II and III provides anatomical, functional, and behavioral 
evidence that Down-and-Back interneurons receive input from mechanosensory and 
nociceptive inputs, and promote the bend à rolling escape sequence. Activation and 
silencing of DnB neurons revealed modularity in the rolling response, such that the initial 
C-shape bend could be initiated separately, without rolling (Figure 5.1A-C). Previous 
studies investigating nocifensive escape had not recognized this separation of motor 
programs (Hwang et al., 2007; Ohyama et al., 2013; Ohyama et al., 2015). I utilized EM 
neural reconstruction to show that DnB neurons primarily target premotor circuits, and 
indirectly connect to Goro, rolling command-like neurons. We hypothesized that this 
circuit divergence could underlie DnB activation of both bending and rolling modules, 
independently. Indeed, silencing Goro during DnB activation triggered bending, without 
rolling (Figure 5.1D). This modular organization of nocifensive escape raises the 
question about whether these modules are recruited during additional behavioral 
outputs, similar to the C-bend in goldfish that is triggered in escape responses, but also 
during feeding and prey capture (Korn and Faber, 2005). A C-shape-like bend is also a 
component of the self-righting response, where an animal that is dorsal side down will 
flip itself 180˚ to orient itself ventral side down. In fact, DnB neurons target motor 
neurons innervating LT1 muscles, which have been shown to be involved in self-righting 
(Picao-Osorio et al., 2015). An appealing hypothesis is that DnB-bending motor 
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pathways are recruited along with other motor circuits promoting 180˚, rather than the 
360˚ turns which occur during rolling. Combining modules in response to different 
sensory stimuli might be an effective strategy for expanding the repertoire of motor 
outputs without the need for additional circuitry.   
 Crawling is slightly increased during DnB-silencing, but otherwise coordinated 
and intact. This raises the question of how overlapping groups of premotor neurons can 
generate both forward and lateral locomotion. One possibility is that DnB neurons are 
recruited along with other circuit elements, such as central pattern generators (CPGs), to 
orchestrate this shift to lateral movement. Another possibility is that peptidergic 
modulation might reconfigure the circuit to generate different forms of locomotion (see 
next section). So far, nothing is known about the CPGs activated during rolling, or the 
muscle activity underlying these behaviors. Moreover, The final stage of nocifensive 
escape is increased crawling (escape crawl), which prompts interesting questions about 
sequence transitions from rolling to crawling. A potential strategy might include inhibiting 
bending circuitry to rapidly terminate rolling, and straighten out the animal to permit 
escape crawl. One potential candidate could be the only non-sensory input to DnB 
neurons, Handle-A inhibitory neurons. Identifying reagents to manipulate Handle-A 
activity would be important to test its role in nocifensive sequence progression. 
 The prevailing theories for sequence generation propose that sequential behavior 
arises either from synaptic chaining, where one module activates the next module in the 
series, or by parallel activation, where competing circuits are activated at once and 
inhibitory interactions between modules establishes a sequence (Lashley, 1951). The 
Down-and-Back circuitry suggests that circuits activated in parallel can also act 
cooperatively to generate sequences, such that bending is activated first in order to 
facilitate rolling behavior. It is not currently known how the timing of bending and rolling 
is established. One potential scenario is that Down-and-Back neurons are activated 
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before Goro, so that bending can be triggered before rolling. Electrophysiological 
approaches might be useful in detecting millisecond differences between Goro and DnB 
activity upon cIV activation. It is also conceivable that proprioceptive input could facilitate 
rolling motor patterns once the bend is achieved. Silencing Class I neurons, which 
function as proprioceptors (Hughes and Thomas, 2007) slightly, but significantly reduces 
rolling efficiency (Hwang et al., 2007; Ohyama et al., 2013). Future work could reveal the 
contribution of proprioception on nocifensive escape locomotion. Another possibility, 
which could be complementary to circuit control bendàroll, is that rolling is physically 
constrained by bending. A high degree of curvature might be important for an animal to 
translate the force of contraction along a lateral vector. 
Potential for peptidergic modulation of nocifensive behavior 
 
 Wiring diagrams can provide potential routes for information flow, but overlying 
the entire connectome is an invisible neuromodulatory map. Neuromodulators can 
recruit or exclude neural microcircuits both locally and far away from its release site, thus 
expanding the flexibility of behavioral outputs beyond the confines of synaptic 
connectivity. EM sections showed many dense-core vesicles at Down-and-Back axons 
suggesting peptidergic or aminergic release. Recent work has implicated neuropeptides 
in larval mechanical nociception (Hu et al., 2017), so the use of neuromodulators might 
be extensive in this circuit. In vertebrate nociception, neuropeptides are widespread, and 
can contribute to central sensitization to noxious stimuli. For instance, two well-studied 
neuropeptides CGRP and SP are expressed by primary afferents and bind to receptors 
on spinal cord neurons to increase excitability (Seybold, 2009). Both CGRP and SP 
production is increased during inflammation, which can cause enhanced response to 
noxious stimuli (hyperalgesia). However, most studies have focused on the role of 
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peripheral nociceptors in neuromodulation, and less is known about neuromodulation by 
central circuits and how they impact motor networks. Some evidence from invertebrate 
work suggests that oxytocin/vasopressin peptides in C.elegans can coordinate the 
stages of reproductive motor patterns (Garrison et al., 2012). Moreover, the exoskeleton 
shedding at the end of each molt (ecdysis) is a prominent example of neuropeptide 
control of sequential behavior. (Ewer, 2005). For instance, the transition from 2nd to 3rd 
instar consists of sequential anterior-posterior contractions, squeezing waves, and 
forward to backward thrusts to shed the old cuticle (Park et al., 2002). The initiation of 
these motor patterns is coordinated by a cascade of neuropeptides including eclosion 
hormone (EH) induction of eclosion triggering hormone (ETH), and CCAP, which 
terminates pre-ecdysis behaviors, and initiates the ecdysis motor pattern (Ewer, 2005; 
Truman and Riddiford, 1970). Thus, identifying the neuromodulator released by Down-
and-Back neurons could reveal insight into the transduction of nociception and/or the 
coordination of sequential motor programs. 
Spatial organization of Down-and-Back inputs and outputs 
 
 A general theme in the initial relay of sensory information to the CNS is the 
convergence of similar inputs (i.e. detecting the same modality or stimulus feature) onto 
the same region in the CNS, forming sensory maps (Grueber et al., 2007; Todd, 2010; 
Vosshall and Stocker, 2007). Such modality-specific organization would facilitate 
communication with postsynaptic partners. Here, I provide evidence that sensory axons 
can preserve their laminar organization onto the dendritic field of a common post-
synaptic target. EM reconstruction, and GRASP visualization of synaptic sites, revealed 
that DnBs receive spatially segregated input along their dendritic arbor from 
mechanosensory class III, and nociceptive class IV neurons. Consistent with the laminar 
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lateral to medial organization of cIII and cIV afferents across the nerve cord, cIII synaptic 
input were restricted to the lateral region of the DnB dendrite, while cIV synapses were 
found exclusively in the medial region of the dendritic arbor. Synaptic clustering has 
been observed in hippocampal pyramidal neurons, where they are thought to play a role 
in memory storage (Kastellakis et al., 2015). Studies have also suggested that neurons 
involved in the same pathway might cluster on a dendritic branch, to facilitate modulation 
by top-down signals, without necessarily impacting pathways targeting apposing 
branches (Yang et al., 2016). DnB neurons also receive minor mechanosensory inputs 
through external sensory (es) and class II neurons on postsynaptic sites on the lateral 
DnB processes. Collateral branches of cII neurons were previously proposed to provide 
additional sites of output, expanding the circuits targeted by cII neurons (Grueber et al., 
2007). Since cII and es input is not located on the DnB dendrite it is likely not 
contributing to dendritic integration, and could have role in presynaptic modulation. 
 The spatially restricted cIII-cIV targeting raises interesting development questions 
about the mechanisms underlying axon sorting and synapse formation onto common 
postsynaptic partners. In line with previous descriptions (Grueber et al., 2007), co-
labeling cIII and cIV afferents shows that they target adjacent non-overlapping regions of 
the neuropil (Chapter IV). The mechanisms that give rise to this laminar organization are 
currently under investigation in our lab, but one possibility is that the presence of cIV 
axons in the medial region precludes the growth of cIII axons into that region, which 
could impact cIII synapse targeting onto DnB dendrites. One precedent for axon-axon 
interactions underlying ‘biased’ wiring onto common targets comes from the visual 
system. Type 6 and Type 7 bipolar cells (BCs) provide major and minor input to retinal 
ganglion cells (RGCs), respectively (Okawa et al., 2014a; Okawa et al., 2014b). In the 
absence of Type 6 BCs, Type 7 BCs will increase its connectivity with RGCs. Such 
axon-axon imposed restriction on synapse formation have also been studied in C. 
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elegans, where motor neurons use Plexin-Semaphorin signaling to restrict targeting to 
non-overlapping regions of the muscle domain (Mizumoto and Shen, 2013).  
 Another observation is that class IV neurons overlap extensively with their targets 
(Ohyama et al., 2015) (Gerhard, unpublished), yet only form a large number of synapses 
with a select few cell types, namely DnBs, and Basins-2,4 (Gerhard, unpublished). 
Varying levels of cell-adhesion molecules or receptor expression by target neurons, 
either facilitating or restricting synapse number might underlie this selectivity (Sanes and 
Yamagata, 2009; Wills et al., 2012; Yogev and Shen, 2014).  
 Down-and-Back neurons primarily target two pathways, premotor-circuitry, and 
‘nociceptive integrators’, which provide links to Goro rolling command neurons, and 
integrate input from cIV neurons, and other nociceptive interneurons. My data supports a 
divergent role in bending and rolling for premotor, and Goro circuits, respectively. 
Interestingly, this divergence is also reflected in the location of DnB presynaptic sites 
targeting these pathways. Premotor neurons form synapses with DnB axons, on the 
lateral region of the neuron, whereas nociceptive integrators form connections with 
presynaptic sites on the DnB dendrite. This localization could potentially facilitate spatial 
and temporal summation of excitatory postsynaptic potentials (EPSP) on nociceptive 
integrators during coincident class IV and DnB activation (Spruston et al., 2008). 
 
Integration between touch and nociception 
 
 There are several theories proposed for somatosensory neural coding. The three 
most prevalent include: 1) specificity theory, where central circuits receive input from one 
sensory modality, 2) pattern theory, which states that central circuits receive input from 
many sensory modalities and pattern of activation dictates coding, and 3) population, or 
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combinatorial theory, which is a combination of both, asserting that there is some degree 
of specificity in central circuits, but they converge multiple sensory inputs (Prescott et al., 
2014). Duan et al., identified neural substrates for the ‘gate control theory’ (Melzack and 
Wall, 1965) which describes mechanosensory gating of nociceptive signaling. This 
theory is an example of pattern theory. However, the somatostatin (SOM) expressing 
neurons that converge tactile and nociceptive input are not involved in transducing 
thermal, touch, or cold stimuli (Duan et al., 2014), indicating is a degree of selectivity in 
these interneurons that is in line with a combinatorial coding of sensory stimuli. Down-
and-Back neurons are, so far, more consistent with a combinatorial theory of sensory 
coding. DnBs are dually innervated by mechanosensory and nociception, yet DnBs 
receive a higher percentage of input from nociceptors compared to gentle-touch sensing 
neurons (45.5% v. 15%, respectively). This preferential input from cIV is reflected in DnB 
mediated behavior, as both activation and silencing experiments suggest that DnBs are 
required for robust nocifensive responses, but mostly dispensable for gentle-touch 
behavior. Thus, these observations are in line with the combinatorial theory of coding 
stating that central circuits may have preferred inputs, yet still integrate multiple sensory 
stimuli (Ma, 2012). 
 My work provides evidence that cIII input could potentially enhance class IV 
nocifensive outputs when presented before cIV stimulation, or at low activation levels. 
Future experiments could look at the effect of cIII mechanosensory input on cIV outputs 
over a range of activation intensities to understand the nature of cIII modulation. 
Particularly, since superadditive integration (multisensory response exceeds sum of 
unimodal sensory responses) is proportionally larger during weakly presented stimuli 
(Stein and Stanford, 2008). Thus, the effect of cIII input on DnB outputs might be most 
significant during weak activation.  
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 The work presented here reveals how a relatively simple nervous system can 
provide insight into how sensory information is transformed into sequential motor 
outputs. Hopefully, these findings can be extended to uncover neural mechanisms 
controlling sequence progression, peptidergic modulation of nociception, and 
developmental mechanisms underlying afferent sorting onto common targets. 	  	  	  	  	  	  	  	  	  	  
	  158 
Figure 5.1: Summary model for DnB neurons controlling nocifensive escape  
 
Figure 5.1: Summary model for DnB neurons controlling nocifensive escape  
A) Activation of cIV neurons triggers the nocifensive response: C-
bendàRollingàEscape crawl 
B) Activation of DnB neurons triggers C-bend and Rolling in an intensity-depending 
manner 
C) Silencing DnB neurons reduces C-bend curvature and rolling 
D) Activation of DnB neurons, while silencing Goro rolling command-like neurons 
reduces rolling, while leaving bending intact 
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E) Summary model: DnB neurons promote sequential nocifensive escape behavior via 
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